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Executive Summary

INTRODUCTION

Hurricane Andrew passed through some 3,500 offshore structures in the Gulf of Mexico on
August 24 to 26, 1992, While most structures were not adversely affected by Andrew,
several sustained significant damage and in some cases collapsed. Recognizing that this type
of experience provides a unique opportunity to further understand the performance of
offshore structures in large storms, PMB solicited and gained support for a Joint Industry
Project to study the effects of Andrew on offshore platforms. This is the final report, which
documents the approach and results of the project.

The project had two primary objectives:

1. Database. Provide documentation on the offshore structures affected (survived,
damaged or failed) by Hurricane Andrew. For damaged platforms, the emphasis
was platforms with damage to primary load carrying structural members
(miscellaneous damage to handrails, stairways, etc. was neglected).

2. Calibration. Perform a calibration of current procedures for assessing existing
platforms (caissons excluded). The -calibration involved comparison of
"analytically" predicted platform damage and failure to "observed” platform
performance during Andrew. The end result was a factor known either as a bias,
calibration or correction factor which represents modeling uncertainties with
respect to overall safety factor (resistance divided by loading effects) for platforms
during hurricane loadings.

A secondary objective was to provide information to API Task Group 92-5 on "Assessment
of Existing Platforms to Demonstrate Fitness for Purpose,” which is currently drafting
assessment procedures (some of which are similar to those used on this project) to be
incorporated in a future edition of API RP 2A.

DATABASE

The database portion of the project involved gathering as much data as possible on what
happened to platforms in Andrew. Data sources included participants, including direct input
from the Minerals Management Service (MMS), cooperative non-participants and public
documents. Meteorologic and oceanographic information for Andrew at each platform site
was based upon a hindcast performed by Oceanweather Inc.

As the project progressed, it became apparent that the database would not be as
comprehensive as originally anticipated. Other then direct input from participants, there
was little "reliable” information about platform damage. In fact a large part of the effort

Hurricane Andrew JIP Final Report October 1993
: ES-1



Executive Summary

was distinguishing fact from fiction, with just about every data source providing a different
set of "damaged" platforms. Finally, it was decided to rely on input from the MMS as well
as, where possible, direct confirmation regarding any platform damage with the platform
owner. The final "best estimate” table of platforms and caissons damaged (significant
structural or complete failure) in Andrew is shown in Table ES-1. Figure ES-1 shows the
location of the platforms and caissons relative to the path of Andrew. Table ES-2 shows
the "numbers" of damaged platforms and caissons. Table ES-3 shows the general trends of
the data for platforms and caissons.

CALIBRATION

The calibration portion of the project involved first developing a "rigorous" analytical
approach that could be used for the project. The approach determines what would happen
to a specific platform in Andrew based upon analytical predictions, compares these results
to what actually happened (observed) in Andrew, and then uses this information to establish
a "bias factor, B" to improve the analytical procedures so that they are more consistent with
actual observations. The bias factor could also be termed a calibration or correction factor
and represents the modeling uncertainties with respect to the overall safety factor (resistance
divided by loading effects) for platforms during extreme storm loadings. The favorable
outcome for the bias factor, (i.e., "B">1) would indicate that the current platform checking
process is conservative in the sense that more failures are predicted during storms than will
actually occur. Drs. Allin Cornell (Stanford University) and Fred Moses (University of
Pittsburgh) assisted in developing the analytical approach.

The steps in the calibration process were based upon "Bayesian” updating and were
generally quite complex involving probabilistic computations. A summary of the approach
is as follows:;

1. Select representative platforms from the database for use in calibration.
Table ES-4 lists the 13 platforms selected.

2. Develop a nonlinear computer model and perform static pushover analysis to
determine the platform’s capacity in a variety of loading directions (e.g. broadside,
end-on and diagonal). The load and resistance modeling used in the process was
based upon a "recipe” agreed with participants (primarily in accordance with the
API RP 2A 20th edition).

3. Using a special probabilistic based computer code developed by the project,
determine the probability of failure of the platform using load information from
the Oceanweather hindcast and resistance information from the static pushover
analysis. The intent was to develop "likelihood" curves for each platform that

Hurricane Andrew JIP Final Report October 1993
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Executive Summary

provide the probability of failure of the platform during Andrew for different
values of safety margin.

4. The likelihood curve is then used to establish the bias factor B as shown in Figure
ES-2. The likelihood curve is multiplied by the initial or "prior" distribution for
B (taken as a normal distribution with mean of 1.0 and uncertainty of 30 percent)
to determine the final or "posterior” distribution of B. For an unexpected survival
the distribution shifts to the right (assessment process is conservative), and for an
unexpected failure the distribution shifts to the left (assessment process is
unconservative).

5. The process is repeated for all platforms with the final "posterior" results as shown
in Figure ES-3. Also shown are the "posterior" distributions considering
individually survivals, failures and damage. The final posterior has a mean value
of B=1.19, with an uncertainty of 10 percent. This implies that on average, for the
platforms evaluated by this project, there is a 19 percent conservatism in the
assessment "recipe” and pushover analysis technique used by the project.

Applying the bias factor to a single specific structure for purposes of “requalification,"
however, may lead to erroneous conclusions. The bias factor was averaged from a fleet of
structures that were exposed to hurricane Andrew. These structures had a variety of
potential platform failure modes with varying degrees of criticality. These included some
subjectivity in interpreting the platform safety margins at specific locations. The exposed
platforms may not be representative of any specific structure about which detailed predicted
modal capacities and safety margins are available, Further studies (as recommended below)
should be able to refine the bias factors for specific platform conditions and failure mode

types.
CONCLUSIONS AND RECOMMENDATIONS

Database

The database indicates that a majority of the severely damaged or failed platforms were of
1960’s or earlier vintage with most having incurred wave-in-the-deck loads during Andrew.
The database was not as extensive as originally anticipated due to lack of data from non-
participants. No steel jacket platforms designed to API RP 2A 9th edition (1977) or later
were damaged or failed by Andrew metocean conditions (several post 1976 platforms were
damaged and failed, but further investigation indicated these observations were due to pre-
existing damage or impact from an out-of-control vessel). This is an important observation
since API is currently considering design by the 9th edition as one of the criteria for

Hurricane Andrew JIP Final Report October 1993
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Executive Summary

platform reassessment. The variety of survived, damaged and failed platforms available
from participants provided a good sampling of platform consequences for the calibration.

The primary recommended further work for the database includes gathering additional
information on failures/survivals to support additional calibrations (see below).

Calibration

A favorable bias factor (B), with mean of 1.19 and COV of 0.10, established in this project
reflects conservatism in load and resistance recipe, and pushover analysis technique followed
in this project. This demonstrates that the existing process for platform assessment typically
used by many operators (and used in this project) provides a realistic estimate of platform
capacity.

As previously noted, it may be premature to use the bias factor for direct decisions on
requalification; however, the direct application of the bias factor is justified in performing
economic risk/cost/benefit remediation studies for fleets of older platforms. The favorable
bias factor will therefore increase the average platform reliability to resist hurricanes beyond
that computed by conventional analysis. Any global remediation decisions may be based on
the updated reliabilities, which reflect the observed Andrew and other hurricane
experiences.

The updated bias factor and the associated improved reliability estimates are potentially
applicable also to the development of the new API requalification criteria. The application
is legitimate for those cases when the criteria are explicitly based on a target risk level such
as, for example, an annual fajlure rate of one per thousand. When the acceptance criteria
are established by direct calibration with experience, however, the bias factor is implicitly
reflected in such experience and cannot provide any further direct adjustments.

It is not known if this conservatism is due to estimates of load or resistance. As noted
above, care should be taken in using the bias factor until further investigation is completed.

Primary recommended further work includes:
= Develop "multiple" bias factors — for example, a bias factor for platforms governed
by brace failure and a bias factor for platforms governed by foundation failure.

This project developed a "global” bias factor irrespective of failure modes.

= Develop and implement a process that uses a “weighting" procedure that accounts
for the performance of other Gulf of Mexico platforms during Andrew that were

Hurricane Andrew JIP Final Report October 1993
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Executive Summary

not directly evaluated by the project. The intent is to increase in a simplified
manner the number of platforms used to establish the bias factor.

Investigate more directly component damage (braces, legs, joints, etc.) predicted
analytically versus component damage actually observed. This project focused
primarily on the platform capacity for use in calibration.

Investigate more thoroughly the results of the nonlinear analysis and, where
necessary, re-perform some of the structural analyses used in the calibration based
on an updated recipe (i.e. different joint capacity equation).

Investigate platforms in different categories (i.e., configuration, water depth), which
were affected by past hurricanes, e.g., Hilda, Betsy, Camille, etc. Such an
attempt combined with the weighting procedure would provide more representative
multiple bias factors.
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Section 1
Introduction

1.1 BACKGROUND

Hurricane Andrew (hereafter called Andrew) was a very intense storm that passed through
the Gulf of Mexico on August 24, 25 and 26, 1992. In particular, Andrew passed through
a region of some 3,500+ offshore structures located offshore Louisiana. While most of
these platforms were not adversely impacted by Andrew, several suffered problems ranging
from minor damage such as bent handrails, to severe damage such as a buckled underwater
brace, to catastrophic damage such as complete collapse of the structure.

In addition, assessment of existing platforms is receiving considerable attention in U.S.
waters due to the age of many platforms. The American Petroleum Institute (API) is
currently drafting procedures for assessment of existing platforms that will be included in
a future edition of APIRP 2A. Platform assessment is also receiving attention in the North
Sea due to issues associated with Safety Case Evaluations.

An extreme event such as Andrew provides an opportunity to learn from the experience by
reviewing the platforms that survived, were damaged, or failed during the hurricane and
trying to understand what happened and why. It is a unique opportunity to study offshore

structures tested under full scale real conditions. '

Based upon this background, PMB solicited and gained support for a Joint Industry Project
(JIP) with two goals. The first was to collect as much data as possible about Andrew’s
impact on offshore platforms. The primary emphasis would be on platforms that survived
the most severe portions of the storm, suffered damage to key structural elements, or
collapsed. The information would be combined into a "database” and be used as a basis for
the calibration work (second goal).

The second and more important goal was to perform a "calibration" of current industry
practice for assessment of existing platforms. This effort would include structural analysis
of several platforms (selected from the database described above) in order to predict on an
analytical basis what should have happened to the platforms during Andrew. These
analytical results would be compared to actual "observed" events from Andrew. A rigorous
mathematical calibration procedure (Bayesian updating) would then be used to determine
a "bias” factor that could be applied to the analytical process so that analytical results more
closely agree with observed results.

Hurricane Andrew JiP Final Report : October 1993
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Section 1

Introduction

1.2

OBJECTIVES

There were two primary objectives for the Hurricane Andrew JIP:

1. Database. Provide documentation on the primary platforms affected (survived,
damaged or failed) by Andrew. Only steel jacket platforms were considered
(although some limited information was provided for caissons). Although this is
intended as a general database about what happened to platforms during Andrew,
the primary intent was to provide data for the calibration effort.

2.  Calibration. Perform a calibration of procedures for assessing existing platforms.
A rigorous method for calibration was used to ensure as accurate results as
possible. The process includes comparisons of analytically predicted platform
damage and failure to observed field performance during Andrew,

A secondary objective was to provide information to API Task Group (TG) 92-5 on
"Assessment of Existing Platforms to Demonstrate Fitness For Purpose" which is currently
drafting reassessment procedures to be incorporated into API RP 2A. This project provided
information and results to the TG for testing of several proposed analytical procedures.

1.3

PROJECT PARTICIPANTS

The project was jointly funded by 12 regulators and operators.
follows including the primary technical representative for each.

AMOCO

BRITISH PETROLEUM

CHEVRON
EXXON

HEALTH AND SAFETY EXECUTIVE (MATSU)
MINERALS MANAGEMENT SERVICE

MOBIL
PHILLIPS
SHELL
TEXACO
TRUNKLINE
UNOCAL

— Mr.
— Mr.
— Mr.
— Mr.
- Dr.
— Mr.
— Mr.
- Mr.
— Mr,
— Mr.,
— Mr,

— Mr

The participants are as

Gary Imm
John Kleinhans
Dirceu Botelho
Ward Turner
W. J. Supple
Charles Smith
David Petruska
Roger Thomas
Kris Digre
Dave Wisch
Jim Meyer

. Jared Black
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Section 1 Introduction

1.4 PROJECT TEAM

PMB Engineering Inc. was the prime contractor, providing all project management, analysis
(structural and calibration) and reporting. Key PMB staff were as follows including their
principle work tasks:

Project Management — Mr. Frank Puskar
Calibration _ — Dr. Rajiv Aggarwal
Structural Analysis — Ms. Margaret Longstreth

In addition, the following provided consulting services throughout the project:

Dr. Allin Cornell, Stanford University — input to calibration and structural analysis.
Review and comment of results.

Dr. Fred Moses, University of Pittsburgh — input to calibration and structural analysis.
Review and comment of results.

Mr. Griff Lee, Griff Lee Inc. — assistance with the sources for platform information

Meteorologic and oceanographic site specific hindcast information for Hurricane Andrew
was provided by Oceanweather Inc. under an agreement with PMB. Participants were
‘provided a copy of the Oceanweather Hurricane Andrew Hindcast as a deliverable for the
project. Participants already owning the Oceanweather Hurricane Andrew Hindcast
received an equivalent credit on the participation fee for this project.

1.5 ACKNOWLEDGMENTS

Several participants contributed significant effort to ensure that this project was successful.
In particular, the following should be commended for their input:

s CHEVRON. Chevron provided a significant number of the platforms (for
calibration) and the project would not have been possible without their
contribution.  Chevron also provided analytical results (nonlinear pushover
analysis) from in-house analyses. Chevron personnel providing assistance included
Dirceu Botelho, Bill Krieger, Chuck Petrauskas, David Kan, and Mani Vannan.,

» EXXON. Exxon provided analytical results (nonlinear pushover analysis) for two
complex platforms. Exxon also provided technical information regarding soil
properties that should be used for pushover analyses. Exxon individuals providing
assistance included Ward Turner, Hugh Banon, Don Murff and Jim Alexander.

Hurricane Andrew JIP Final Report October 1993
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s AMOCO., Amoco provided descriptive information for one platform for use by
PMB in structural analysis and also provided analytical results (nonlinear pushover
analysis) for another platform. Amoco personnel providing assistance included
Gary Imm and James Light.

»  TRUNKLINE. Trunkline provided descriptive information for three platforms for
use by PMB in structural analysis. Trunkline personnel providing assistance
included Jim Meyer and John Alholm.

= MINERALS MANAGEMENT SERVICE. The MMS provided the project with
several updates to the overall Hurricane Andrew database. MMS personnel
providing assistance included Charles Smith and Felix Dyhrkopp.

Mr. Kris Digre of SHELL provided assistance in communication with the API Task group.
Dave Wisch of TEXACO, Mr. Malcolm Sharples of NOBLE DENTON, and Mr. Paul
Fourchy of MURPHY OIL provided assistance with information for the Hurricane Andrew
database.
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Section 2
Database

2.1 APPROACH

Information for the database was gathered from a variety of sources with emphasis on
damage to primary structural members of steel jackets. Platforms with damage to secondary
structural elements such as handrails and walkways were not included. An effort was also
made to identify platforms that survived some of the most extreme conditions of Andrew,
with emphasis on "unexpected survivals” that would have the largest impact on the
calibration,

Primary sources for information were as follows:

Participants owning affected platforms

Minerals Management Service

API Information Exchange (October 29, 1992)
Cooperative non-participants owning affected platforms
Noble Denton

Public Sources

PMB accumulated and then sorted through all of the information provided by these sources.
The information was condensed and placed in a summary spreadsheet (Microsoft Excel)
with data sorting capabilities. The hardcopy and electronic database were provided to all
participants as part of the study.

Several case studies were developed for a number of platforms where additional information
was available. This included both qualitative case studies (a brief description of what
happened) contained in this section, and quantitative case studies where detailed structural
analysis was performed as part of the calibration effort, described in Section 3.

Generally, the project was unable to locate as much information about damaged platforms
as originally anticipated. Cooperation with project participants was excellent, but obtaining
information from non-participants was difficult.  All non-participant companies that
appeared to have damaged structures were contacted, with some providing information,
others indicating they may provide information (but ultimately not providing information)
while others indicating that the information was unavailable.

From the onset of the project, the database was a secondary task compared with the
calibration effort. Thus there was a limited amount of time and budget available to pursue

further detailed information. However, the database did achieve its primary goal of

obtaining a representative sample of affected offshore platforms which could be used as a

basis for selection of platforms for calibration.

Hurricane Andrew JIP Final Report October 1993
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Section 2 Database

In addition, as requested by several participants, the Andrew database was also updated
(using information from the AIM III project [PMB, 1988]) to include platforms that failed
during previous hurricanes in the Gulf of Mexico.

2.2 HURRICANE ANDREW HINDCAST

The hindcast metocean (meteorological and oceanographic) conditions used in this project
were taken from the Hurricane Andrew Hindcast performed by Oceanweather Inc.
Metocean data was extracted from the hindcast for each of the quantitative case studies.
The complete hindcast is available in a separate document [Oceanweather, 1992] provided
to participants via this project or Oceanweather.,

Figure 2-1 shows the best estimate path of the eye of Andrew (based upon the
Oceanweather report) superimposed on the Gulf of Mexico offshore lease blocks.
Figure 2-2 shows the path of Andrew along with the damaged platforms and caissons
described in Table 2-1. Also shown is the MMS defined region of offshore structures
requiring inspection. Figure 2-3 shows the path of Andrew with the platforms used in the
calibration process described in Section 4.

As an additional part of this project, Oceanweather summarized the differences between
tropical cyclones such as Andrew which affect the Gulf of Mexico and extratropical cyclones
which affect the North Sea. The intent was to provide some discussion on how large storms
differ between these two regions with a high density of offshore platforms. This discussion
can be found in Appendix D. :

23 DATABASE SUMMARY

Table 2-1 shows the "best estimate” list of platforms and caissons located in the MMS
regulated outer continental shelf (OCS) region that were significantly damaged in Andrew.
This "best estimate” is based upon information provided by the MMS plus direct
confirmation by PMB with several owners of the platforms. Caissons were included to
indicate the overall number of offshore structures affected. Only caissons which lean +5
degrees or greater (defined as a "damaged" caisson per the MMS) were included. The
individual structures confirmed by PMB are indicated in the table.

Tables 2-2 and 2-3 provide a summary of the numbers of platforms and caissons damaged
and/or collapsed in Andrew, respectively, based upon Table 2-1. The total number of 75
affected offshore structures is lower than that provided in the project kickoff meeting (150+
total affected) or interim meeting (124 total affected). The number is significantly lower
than indicated in earlier public reports immediately following the storm, such as the New
York Times article of October 21, 1992 which indicated 249 damaged platforms. Note that

Hurricane Andrew JIP Final Report October 1993
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many of these public reports probably reflect all types of damage (e.g. bent handrails and
walkways) not included here.

Table 2-2 provides a summary of damaged and collapsed steel jacket platforms during
Andrew. From this table, it is noted that a total of 28 steel Jjacket platforms installed in a
water depth of less than 150 ft were damaged or collapsed. Most of these platforms were
located in South Timbalier (ST) and Ship Shoal (SS) blocks at a distance up to 24 miles
from the eye of the hurricane. Twenty-three platforms were installed before 1969, three
were installed between 1970 and 1977, and only two were installed after 1977. Of these, at
least 15 structures are reported to have toppled or were extensively damaged and are being
removed. One damaged platform, installed in 1962, was located in the South Pass (SP) area
in 61 ft of water, 70 miles from the hurricane eye.

Table 2-3 provides a summary of 47 caisson structures damaged and collapsed during
Andrew. Most of this damage occurred in water depths of 50 ft or less, and only two
damaged caissons were in water depths greater than 100 ft. Note that, with one exception,
all the caissons were installed after 1977 and some of the damaged caissons were installed
in 1992. Most of the damage was in the Ship Shoal blocks, with caissons located within 1
to 10 miles of the hurricane eye. In the South Timbalier blocks, only one caisson was
damaged; it was located in 100 ft of water 24 miles from the hurricane eye. In the South
Pelto (PL) blocks, the damaged caissons were located roughly 80 miles from the hurricane
eye.

Table 2-4 provides a summary of the general trends of the platforms and caissons. In terms
of platforms (which are the focus of this study), it is seen that only three platforms (ST 86C,
ST 188, ST 134W) installed after 1976 were severely damaged or failed. However, these
damage /failures are believed to be caused by pre-existing conditions or causes other than
large waves. ST 86C was impacted by a MODU that broke free during the hurricane. ST -
188 suffered loss of the deck which was apparently not fully grouted to the jacket during
construction. ST 134 W suffered a buckled brace near the waterline which may have been
caused by pre-existing damage (e.g., jackup impact).

This is an important observation since 1977 is approximately the time frame when the wave
loading criteria specified in API RP 2A was significantly upgraded (9th edition). The
database indicates that all platforms designed to the 9th edition survived Andrew (a 100 to
150 yr return period storm) with little or no damage. Design by the 9th edition or later of
API RP 2A is one of the platform reassessment criteria being considered by API TG 92.5.

Table A-9 (Appendix A) shows a list of platforms surviving (without significant damage)
some of the more intense conditions of Andrew and that were located in the MMS defined
region of platforms requiring post-Andrew inspection (50 miles to the northeast and 35 miles
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to the southwest of the hurricane path). The list indicates the large number of platforms
surviving Andrew with little or no damage. The list served as a basis during the project to
select "surviving" platforms, particularly those that were "unexpected" survivals, for use in the
calibration exercise.

As requested by several participants, Table 2-5 shows a list of Gulf of Mexico platforms that
failed in hurricanes prior to Andrew. This information is taken from the previous AIM III
project [PMB 1988].

24 QUALITATIVE CASE STUDIES

The qualitative case studies consisted of more in-depth reporting of selected platforms from
the database lists. The focus was "interesting" platforms that portrayed an unusual situation
or conveyed an important point. There were a total of eight qualitative case studies,
including platforms that survived, were damaged or collapsed during Andrew.

Table 2-6 summarizes the qualitative case studies. Included is the platform name,
background information, damage summary (if any) and general reason the platform was
selected. Tables 2-7 and 2-8 provide additional information for two of the platforms.
Appendix A (Table A-1 to Table A-8) contains similar information for all eight platforms.

It was initially anticipated that there would be more qualitative case studies and that they
would be more in-depth; however, it became apparent that detailed information was often
lacking, and unless confirmed by the platform owner, the project did not want to include the
information in this report. In addition, several of the originally planned qualitative case
studies were eventually converted to capacity assessments, where the project included a
greater number of cases than originally anticipated (Section 3).

Hurricane Andrew JIP Final Report October 1993
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Table 2-5: Platform Failures in Hurricanes Prior to Andrew **

HURRICANE PLATFORM CHARACTERISTICS
OPERATOR BLOCK
NAME DATE NAME NAME YEAR WATER NUMBER OF
INSTALLED|{ DEPTH PILES
: (r.)
GRANDE ISLAND 9/1/48 HUMBLE GRAND ISLAND 2 Unknown 50 Ternp. w/ unbraced piles
HUMBLE GRAND ISLAND 1 Unknown 50 Terrp. wf unbraced piles
CARLA 9/1/61 PLACID EUGENE ISLAND 198 Unknown Unknown 102 2
SHELL EAST CAMERON UK Unknown Unknown Unknown 4
ZAPATA VERMILLION 104 Urknewn 1960 60 4
HILDA 10ves CATC EUGENE ISLAND 208 A Unknown 100 8
CATC EUGENE ISLAND 208 C 1959 96 3
CATC EUGENE ISLAND 208 s} Unknown a7 8
GULF SHIP SHOAL 154 B Unknown 60 6
GULF SHIP SHOAL 154 H Unknown &0 6
GULF SHIP SHOAL 169 A 1961 60 4
PLACID EUGENE ISLAND 198 B 1661 102 2
PURE SHIP SHOAL 253 Uniknown 1954 172 8
SIGNAL, SHIP SHOAL 149 B Unkriowr: 50 8
SINCLAIR EUGENE ISLAND 175 A 1955 87 16
SHELL EUGENE ISLLAND 188 Unknown 1958 70 4
TENNECO SHIP SHOAL 198 c 1959 9% 8
TENNECO SHIP SHOAL 199 A 1959 101 8
UNION EUGENE ISLAND 276 Unknown 1964 172 8
BETSY 9/9/65 CATC WEST DELTA 69 #1 Urknown 125 3
CATC WEST DELTA 70 #3 Unknown 128 3
FORREST WEST DELTA 97 Unknown Unknown 167 4
GULF WEST DELTA 117 A 1962 205 8
GULF WEST DELTA 117 B Unknown 218 8
PHILLIPS MAIN PASS 129 Unknown Uninown 92 4
PURE WEST DELTA 118 Unknowrn Unknown: 192 4
SHELL SOUTH PASS 24 Unknown Unknown 60 4
CAMILLE 817/69 GULF SOUTH PASS 61 A 1968 280 8
SHELL SOUTH PASS 70 A 1969 310 16
SHELL SOUTH PASS 70 B 1969 n? 16
CARMEN 87774 ODECO SHIP SHOAL 119 A Unknown 51 36
ODECO SHIP SHOAL. 119 F Unknown 51 36
FREDERIC &9 ODECO SOUTH PELTQ 19 w4 Unknown 30 3
ODECO SOUTH PELTO 19 #1} Unknown 30 3
ODECO SOUTH PELTO 19 #13 Unknown 30 3
JUAN 10/27/85 ODECO SOUTH PELTO 19 OBM 1961 30 4
ODECO SOUTH PELTO 19 SWPp Unknown 30 3
ODECO SOUTH TIMBALIER 86 A 1955 95 16

** Platform failures (toppled in storm or severely damaged and then removed) only.
Other platforms may have been damaged but not reported.

Caissons not included.
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Andrew Failure Consequences Database
Individual Case Report

Platform Name : South Timbalier 0172 - Platform A

Company Name : Samedan
Damage Summary : Damaged - to be salvaged

Platform Information

Platform Type .

Water Depth (ft) - 107

Number of Piles ;6

Number of Wells :

Installation Date 1 1964

Design Criteria :

Deck Elevation : Sub-cellar @ 29'-0", Cellar @ 36'-6", Prod @ 47'-0"
Comments

Deck removed 9/92, jacket removed 2/93

South East pile pulled out 15 feet

Adjacent east pile pulled out 5 feet

North East and adjacent east deck leg sheared below cellar deck
Remaining deck legs are bent and/or partially collapsed

360 degree tear in NE jacket leg (-10")

» 360 degree tear and collapse of north X-brace

o Structure leaning 20 degrees

» Foundation failure apparent

[ ] [ ] [ ] L [ ]

Table 2-7 Qualitative Case Study - 1



Andrew Failure Consequences Database
Individual Case Report

Platform Name : Mississippi Canyon 311 - Platform A (Bourbon)
Operator Name : Shell
Damage Summary . . Survived

Platform Information

Platform Type :
Water Depth (ft) : 425
- Number of Piles :
Number of Wells :
Installation Date : 1978
Design Criteria : Unknown
Deck Elevation : Lower deck elev. +51'-0" T.0O.S.

Andrew Conditions

Hindcast Hs : 11 Meters
Distance from eye : 32 Miles
Comments

« 810 10 sheets of grating torn up on lower deck around conductors (elev +51-0")

o 90% of PVC drain piping suspended from lower deck gone (elev. +47'-0")

¢ Cage around ladder from +51' down to oil and water sump flattened right below lower
deck at elevation +47

« Sump landing grating missing and steel pipe knocked at bottom of oil and water sump
severed

» Grating missing at +12' elevation

+ Damage to underdeck piping indicates very large waves

Table 2-8 Qualitative Case Study - 2



Section 3
Capacity Assessments

3.1 APPROACH

The capacity assessments consisted of explicit nonlinear structural analysis to more
thoroughly investigate individua! platform performance in Andrew. Platform loads and
resistance were based primarily upon the API RP 2A 20th edition. The overall intent was
to provide input for use in the calibration process described in Section 4. The specific
platforms selected for assessment were based upon a vote by alt participants during the
earlier stages of the project. Thirteen platforms were evaluated including those that
survived, were damaged or collapsed during Andrew.

3.2 STRUCTURAL ANALYSIS

Two types of structural analysis were performed: a static pushover to determine the
platform capacity for use in the calibration, and a typical design level code check (per API
RP 2A) for use by API TG 92-5.

The static pushover is the typical approach used by the industry to determine the maximum
lateral hydrodynamic load carrying capacity of offshore platforms. This load can then be
traced back to a specific wave height that can cause platform failure. The static pushover
is a somewhat simplified analysis technique since it does not consider mass, damping and
rate-of-loading effects associated with wave loading. However, recent comparisons of the
static pushover with a more complex dynamic analysis indicates that the static pushover
provides a good estimate of platform capacity [PMB, 1993].

The static pushover consists of a representative "snapshot" of lateral wave forces acting on
the platform, including any wave forces acting on the deck, and then applying the forces in
a step-wise increasing manner until the platform collapses. The corresponding base shear
acting on the platform at time of failure is used to define the platform capacity. Special
nonlinear computer elements are used to mimic the nonlinear behavior of the jacket braces,
legs, piles and soils. Further descriptions of the static pushover can be found in several
references [Bea, et al., 1988; Lioyd and Clawson, 1983: Titus and Banon, 1988].

The design level code check was performed to provide information to API TG 92-5 for
testing of several assessment approaches being studied by the TG. This analysis indicates
the base shear at which the first brace, joint, pile or pile-soil platform components reach a
unity check of 1.0 per API RP 2A requirements, safety factors included. The analysis also
determined the global base shear acting on the platform per the API RP 2A 20th edition
wave load recipe.

PMB performed structural analysis on nine of the platforms using the PMB computer code
CAP (Capacity Analysis Program). The remaining. four platforms were analyzed by the

Hurricane Andrew JIP Final Report October 1993
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Section 3 Capacity Assessments

platform owners with results provided to PMB for inclusion in the project. Exxon analyzed
two platforms using INTRA (Karma), Chevron analyzed one platform using CAP, and
Amoco analyzed one platform using USFOS.

3.3 LOAD AND RESISTANCE RECIPE

The load and resistance recipe used for the capacity analysis was based primarily upon the
API RP 20th edition, with several modifications as required for this project. Appendix G
provides details on the recipe used for the project. Some of the more debatable issues, such
as choice of Fy (steel yield strength) or the joint capacity equation, were based upon a vote
by participants.

Key parameters of the recipe were as follows:

= Factors of safety. The recipe eliminates factors of safety in order to compute an
unbiased platform capacity. This is necessary to calibrate analysis results with
observed behavior.

»  Material strength. Most of the platforms were fabricated using steel with a 36 ksi
nominal yield strength. Participants voted on using a yield strength of 42 ksi for
these cases to account for the increase from nominal to mean and to account for
increased strength due to strain rate effects (rapid loading in storms) [Chen and
Ross, 1977]. Material strength based upon mill certificates was used where
availabie.

w  Brace capacity (buckling). The brace capacity is defined by equation D.2.2-2 of
API RP ZA LRFD [API, 1989].

=  Effective length (K) factors. The effective length K factor of "K", "diagonal" and
"X" bracing schemes was taken as 0.65, based upon results of laboratory tests
[Grenda et al., 1988] and analytical studies [Earl and Teer, 1989]. The length was
taken as node-to-node of the computer model (not face-to-face of the leg). For
X bracing, the member length is taken as one-half the node-to-node length (i.e.
out-of-plane buckling is not considered due to the compensating effect of the
tension brace).

= Ungrouted joints. API RP 2A equations for joint capacity without safety factors.
These equations represent a lower bound for joint capacity. The "mean” capacity
for K-joints (not used here) would be approximately 15 to 30 percent higher,

Hurricane Andrew JIP Final Report October 1993
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Section 3 Capacity Assessments

= Grouted joints. The same API RP 2A equations as for ungrouted joints, but use
an equivalent thickness for the leg based upon the strength contributions from the
leg, grout and pile [UEG, 1983).

= Lateral soil capacity. The AIM projects and other assessment-type studies have
typically used degraded soil-pile capacity to develop p-y nonlinear soil springs for
pushover analysis. This is based upon the assumption that the soil strength is
degraded at the time of the peak wave due to cyclic action of other large waves
during storm build-up. However, recent laboratory test by Exxon [Hamilton, 1992],
indicate that for pushover type analysis, the static lateral soil strength is a better
measure. Therefore, lateral p-y soil strength (as defined by API RP 2A) was used
for all of the analysis. Vertical t-z springs used static soil strength (no
degradation). ‘

m  Wave loads on the deck. In cases where waves impact the deck, use the simplified
procedure developed by API Task Group 92-5, shown in Table 3-1.

34 ANALYSIS RESULTS — SUMMARY

Results are presented in two formats. The first is a summary of all the platform
configurations and pushover analysis results necessary for calibration as shown in Tables 3-2
(survivals), 3-3 (damages) and 3-4 (failures). Further discussion of these tables is provided
below.

The second format is complete details for each platform. These details can be found in
Appendix B, and include a more complete description of the platform and further
information on the computer models and analysis results. Further discussion of these
detailed results using one of the platforms as an example is provided in Section 3.5.

The information found in each column of tables 3-2 to 34 is as follows:

= Background Information - the first few columns describe the general characteristic
of the platforms,

= Pushover Direction — this is the direction from which a pushover analysis was
performed for the particular platform — generally end-on, diagonal, broadside, or
some combination. Additional directions were performed in some cases as
required for calibration.

= Expected Maximum Hindcast Base Shear — an estimate of the hindcast maximum
global base shear during Andrew based on the maximum hourly hindcast wave

Hurricane Andrew JIP Final Report ' October 1993
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Section 3

Capacity Assessments

height in that direction. The wave height and associated current are taken directly
from the Oceanweather Andrew hindcast. These values are taken from detailed
evaluations performed in Section 4 and hindcast base shear tables given for
individual platforms in Appendix B.

Base Shear at First Component Failure — the global base shear at which the
indicated platform component (brace, joint, pile, soils) "fails" based upon the load
and resistance recipe described in Section 3.3.2, This information contains no
factors of safety. These are important for some cases in the calibration process.

Base Shear at Ultimate Platform Capacity — the global base shear at which the
platform is considered as collapsed based upon the static pushover analysis. This
is the key parameter for the calibration process.

Ratio of Ultimate Capacity to Andrew Base Shear (BS) — provides an
approximate estimate of reserve in platform capacity compared to Andrew base
shear estimate.

System Factor — provides an estimate of platform capacity remaining after first
member failure, computed as the ratio of the load level at platform collapse to the
load level at first member failure.

Collapse Mode — the collapse mode for the platform based upon results of the
static pushover. Frame failure indicates failure of jacket structural members,
which could occur due to a combination of multiple failure of K-joints or braces,
or first yield/ hinge formation in the leg(s). Pile hinge failure indicates double
hinge formation in multiple piles or single hinge formation in a number of piles
with associated large displacement at deck level. Pile pullout failure indicates soil
failure due to axial loads. Displacement (deck) greater than 4’ to 5 indicates that
the platform capacity has been achieved due to large deck displacements and the
analysis has been terminated.

These tables provided results for single or multiple directions for the 13 platforms analyzed.
The ultimate capacity of the five, 4-legged (4-pile) platforms installed from 1964-1981 in
water depths up to 170 ft. ranges from 1265 kips to 2006 kips. For these platforms, the
minimum ratio of ultimate capacity to Andrew base shear varies from 0.79 to 1.84 and the
system factor varies from 1.13 to 2.23. Frame failure consisting of multiple K-joint failures
dominated the collapse mode for three of these platforms and pile failures for the other two.
One platform indicated double hinging of piles and other platform indicated pile pullout as
their collapse modes.

Hurricane Andrew JIP Final Report October 1993



Section 3 Capacity Assessments

The ultimate capacity of MC397 platform with 4 main legs and 4 skirt legs installed in 1991
in 468 ft. water depth is in range of 11,566 kips to 13,718 kips. The high ratio of ultimate
capacity to Andrew base shear indicates redundant structural framing. Soil failure leading
to pile pullout was established as the failure mode for this platform.

Six 8-legged platforms evaluated in this project were installed between 1958 to 1965 in water
depths up to 184 ft. and one 8-legged platform was installed in 1978 in 343 ft. water depth.
The ultimate capacity of the pre-1969 platforms is estimated to range between 2,450 kips
to 4,426 kips. The estimate of minimum ratio of ultimate capacity to Andrew base shear
varied from 0.73 to 1.61 and the corresponding system factors varied from 1.1 to 1.7. A
combination of frame and pile member failures lead to formation of collapse mechanism
for these platforms. The frame member failures for all of these platforms were due to
failure of multiple K-joints. :

The minimum ultimate capacity of an 8-legged MC311 platform with 8 main piles and
8 skirt piles, installed in 343 fi. water depth is estimated as 17,900 kips. The ratio of
ultimate capacity, corresponding to frame failure, to the Andrew base shear was 2.8.

3.5 ANALYSIS RESULTS — DETAILS (Example Platform)

An explanation of the detailed quantitative information provided for each platform follows,
using ST151 K, which survived Andrew, as an example.

Figure 3-1 shows an overall view of the platform which is an 8 legged (external legs double
battered) platform installed in 1963 in a water depth of 137 ft. The pile-legs are grouted
and the platform has K-joints in the broadside loading direction and diagonally braced in
the end-on loading direction. Figures 3-2 and 3-3 show the typical member sizes. The
platform survived Andrew with no damage.

Figure 3-4 shows the nonlinear computer model of the platform used for the static pushover
analysis. The model consisted of a fully coupled nonlinear jacket-foundation system. The
force deformation relationship used to model each of the primary platform elements is
shown. The model included the following:

= Deck — typical linear beam-column elements since no inelastic response is
anticipated. The deck framing was simplified for the analysis.

»  Legs, Piles and Conductors — nonlinear beam-column elements which carry both
bending and axial loads.

Hurricane Andrew JIP Final Report October 1993



Section 3 Capacity Assessments

w  Braces — buckling-type struts for braces which are weaker than the joint (i.e.
diagonals in the end-on loading direction) and nonlinear elastic-plastic truss
elements for the braces which are stronger than the joints (i.e. the broadside
loading direction K-joints). For this later case of "weak" K-joints, the elastic-plastic
modeling of the K-joint failure was based upon discussion with participants
involved in a series of confidential laboratory joint tests. However, as discussed
later at the project meetings, depending upon the characteristics of the steel
material, elastic-plastic modeling may not be correct for all joint failures. Post-
Andrew inspections of platform 177B indicate that the K-joints were completely
sheared at the chord, which would be more properly modeled with strut-type
modeling that portrays load shedding. Modeling of this type of failure mode
obviously needs further investigation. The struts and truss elements carry axial
loads only.

s Soils — Nonlinear p-y, t-z and g-z springs.

Once developed, the model was used for static pushover analysis in order to determine the
platform capacity for use in the calibration process. CAP actually uses a "pseudo-static”
procedure for static pushover. This procedure is an equivalent dynamic analysis with special
dynamic control parameters that allows the platform to incur significant deflections while
still remaining stable. This method is used since it is more robust (i.e. ability to achieve a
solution), requires less user interaction and is less time consuming than a conventional static
pushover. The pseudo static pushover determines only the platform’s ultimate capacity, and
not the post peak capacity available with a conventional static pushover. Since establishing
the platform capacity is the primary goal of pushover analyses, the pseudo static approach
was adequate for most of the work of this project. Comparisons of the static and pseudo-
static analyses run for other projects and in-house PMB studies have shown that the
capacities computed by the two methods are similar,

Figure 3-5 shows the deformed platform shape (deflections have been amplified for better
visual effect) for intermediate results of the broadside pushover analysis at a lateral load
level (load step 13) where several K-joints in two bays have failed. Figure 3-6 shows the
nonlinear events and deformed platform shape just prior to collapse, with several K-joints
failed and double hinging beginning to occur in the piles. Figures 3-7 and 3-8 show the
nonlinear events and deflected platform shape for diagonal direction pushover analysis,

Figure 3-9 shows the force-deflection plot for the broadside pushover analysis. Deflections
were taken at the lower deck elevation. At the initial application of loads, the platform
responds in a slightly nonlinear manner due to the nonlinear foundation system (nonlinearity
in the pile-soils). The first K-joint fails at an applied load of 2,330 kips. The platform then
begins to respond in an increased nonlinear manner due to inelasticity in the jacket. Initial
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Section 3 Capacity Assessments

pile yield occurs at an applied lateral load level of 3,250 kips. It is followed by yielding of
all eight piles and large displacement at deck level. The pushover load level of 3,500 kips
is taken as the capacity of the platform in this direction.

Figure 3-10 shows results of the static pushover in the diagonal direction. For waves
approaching the diagonal direction, the analysis indicated that the first nonlinear event
occurs due to first yield of a pile section at a pushover load level of 3,005 kips followed by
failure of a K-joint at 3,350 kips in the second bay of the jacket and successive failure of
other pile sections. The pushover load level of 3,500 kips is taken as the capacity of the
platform in this direction,

3.6 API BASED EVALUATION

Following the pushover analysis, additional analyses were performed to determine the design

level code checks for use by API TG 92-5. Due to time constraints, these values were only
determined for some of the platforms. The design level code check was performed to
provide information to API TG 92-5 for testing of several assessment approaches being
studied by the Task Group. For some of the platforms, the checks were performed by the
platform owner. The following three items were established: :

= API 100-Year Base Shear — the global base shear acting on the platform in each
direction based on the API RP 2A 20th edition wind/wave /current load recipe.

w  API Design Level Check — the global base shear at which the indicated platform
component (brace, joint, pile, soils) first fails API RP 2A 20th edition (API, 1993)
design requirements (including all factors of safety).

m  Reserve Strength Ratio (RSR) — The ratio of ultimate capacity of a platform to the
API 100-year base shear. These values should be considered as a rough
approximation of RSR as the ultimate capacity values used are dependent upon
the wave kinematics and forces due to Andrew seastates, and the load and
resistance recipe followed in this project.

The results of this evaluation performed on 10 platforms are summarized in Tables 3-§
to 3-7. In addition, the ultimate capacity analysis and Andrew base shear estimates are also
included for comparison purposes.

The results presented in these tables indicate that for the 8-legged platforms, the API base
shear estimate for diagonal and broadside directions is approximately 30 percent to 50
percent higher than that for the end-on direction. The reasons for this are platform
orientation with true North, and reduced seastate parameters, especially current magnitude

Hurricane Andrew JIP Final Report October 1993
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Section 3 Capacity Assessments

in the end-on direction. The API 100-year return period base shear estimate for these
platforms varies from 1,630 kips to 4,164 kips for the end-on direction and from 2,314 kips
to 5,357 kips for the broadside and diagonal directions. This resulted in RSRs in the end-on
directions to range between 1.40 to 1.72 compared to RSRs of 0.88 to 1.30 for the broadside
and diagonal directions for four 8-legged platforms. For platform WD90A, estimates of
RSR are low — 0.58 and 0.78 for the diagonal and end-on directions, respectively.

The ratios of ultimate capacity to the minimum API design level capacity ranges from 2.4
to 6.4 for all the 8-legged platforms. These high values are because these platforms were
installed before 1966, when design criteria were significantly lower than present standards
(e.g., 25 vs. 100-yr conditions). Therefore, the first member failure per current API loads
occurs at a low base shear. The ultimate capacity value is high since it excludes all factors
of safety and follows the recipe discussed in Section 3.3

The API 20th edition 100-year base shear for the five 4-legged platforms varies from 878
kips to 1365 kips. The minimum RSR of these platforms ranges between 0.99 to 2.28 and
the ratio of ultimate capacity to minimum API design level capacity varies from 1.63 to 3.14.

The minimum ratios of ultimate capacity to Andrew base shear for all platforms except
WD90A are lower than corresponding values for RSR, which indicates that Andrew load
effects were higher than per the API 20th edition. Platform WD90A is located away from
the Andrew path, and thus its ratio of ultimate capacity to Andrew base shear is high (1.6
to 1.69) and is the likely reason for its survival.

Hurricane Andrew JIP Final Report October 1993
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Platform STISIK

- Survived Andrew
- Year Installed -
- Water depth = 137°

- 12-. 30”’ Dia. Conductors
«- Cellar Deck Elevation = 37
- Grouted Leg-Pile Annulus

1963

=

CAP Lux

Chevron ST151K - Analytical Model
Project: ChevST151K Model: pushxy Version:

Figure 3-1  Background Information - Platform ST151K

1
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- Preliminary Deck Force Guldelines

‘The purpose of these guidelines is to provide a simple yet conservative method for
pmd?eﬁugthcwagcloadsonﬁmdplatfmdod:sforuscinmc"raskamupon
Assegsment of Existing Platfarms o Demonstrate Fitness for Purpose.™ The method is
ted as an interim method for the putpose of evaluating the three-ticred screening
procedure for asscssing fixed offshore platforms, ‘The procedure retams the maximum
wave-indoced deck Joad, which is assumed o occur at the same time as the maximum ,
base shear, and the moment induced by the deck Joad, The steps for computing the base
shear and overtuming momseat caused by the deck follows. This procedure is expected to

retum & reladvely conscrvative deck force and moment, with a GOV ou the order o£§§j9_.

1.  Given the crest beight (see note below), compute the wetted “silhouete™ deck

arca, A, projected in the wave direction, 8w. The silhouette areq is defined as the
shaded arca in Figore 1. The arca, A, is computed as:

Ax Ax COS’BW -+ Ay SEHGW.
where 8y, Ax and Ay are as defined in Figurc 2.

For lightly framed “sub-cellar™ deck sectdons with no cquipment, such &s &
" 0ld* deck comprised of angle fron, use one-half of the sithoucttc arca. The

areas of the deck legs and bracing above the ccliar deck are &m oﬁ the silhoucftﬂc
¢ cellar deck should

arca. Deck legs and bracing members below the bottom of
be computed along with jacket members in the jacket force calculation procedure.

2. Usc Stream Function Wave Theory or equivalent with specified wave period,
water depth, and current speed to compute the maximum horizontal fluid velocity,
V, at the crest clevation ar the top of the deck structure, whichever is lower, A
directional 'spreading factor of 0.88 is applied o the velocity.

3,  Thewave force on the deck, F, is computed as follows:

Fminp Cp(V+aU)2A
where U is the current velocity, with the same blockage factor, <, as specified for
the jacket. The drag cocfficient, Cp, is given in the wable below:

eck Type end-on and broadside | oblique (45-degrees)
modem deck {very dense) . 25 1.9
heavily campped “older™ deck 20 1.5
bare Tolder” deck 1.6 i2

4. The overtuming momeat on the jacket due to wave loads on the deck is obtained
by applying the deck load to a point 60% of the way berween the lowest point of
the silhonette area and the Iower of the wave crest or top of deck.

note: The above procedimre relies on the use of an adjusted wave helght when usiug
Stream Function Wave Theory (or equivalent) in order to retum crest clevations that arc
in closer agrecment with mcasured data. The wave heights for the deck force calculation
should be 1.056 times the wave heights used for the jacket force calculation.

Table 3-1 API Preliminary Deck Force Guidelines (April 30, 1993)
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Figure 2: Wave heading and Direction Convention.

Table 3-1 API Preliminary Deck Force Guidelines (April 30, 1993) (Continued)
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Section 4
Calibration

41  APPROACH

The calibration process involves a comparison of analytically predicted platform
performance to observed platform performance. The end result is a bias factor that can be
used to improve the estimate of platform safety.

The first step is to identify the analytical theory to be used for the calibration. Traditional
"Bayesian” updating techniques were followed and applied to the situation for Andrew
(single large storm). The detailed analytical procedure was identified and a computer code
was developed to perform the required complex calculations.

The key input for the process included results of the static pushover analysis, namely, the
platform capacity and, in the case of damaged platforms, the pushover load level to cause
observed damages. The other key input was metocean conditions at the specific platform
site during Andrew, that were based upon the Oceanweather hindcast. The process was
performed for each of the 13 selected platforms, and then the results combined to determine
the final bias factor. Sensitivity studies were performed to evaluate the importance of
various parameters and different groups of platforms.

The following sections provide some background discussion on calibration, followed by
theoretical details of the analytical approach, a discussion of the step-by-step calibration
procedure and finally a summary of the calibration results.

4.2 BACKGROUND ON CALIBRATION

More accurate assessments of risk or safety indices (betas) can be derived by using field
experiences to modify or update the distribution parameters of model uncertainties. This
process, sometimes called "Bayesian” analysis, was previously used in the Amoco-organized
cooperative project on offshore platform reliability. Further discussions of Bayesian
applications were given in the API PRAC Project 89-22 Report [Moses, 1991], and other
literature [Tang, 1981: Marshall and Bea, 1976].

The general approach for Bayesian analysis is illustrated in Figures 4-1 and 4-2 [Petrauskas,
1992]. Figure 4-1 shows the primary components required for calibration, and how the
experience of Hurricane Andrew provides an opportunity to calibrate existing force and
resistance models used for platform assessment. '

Figure 4-2 shows the "prior" load and resistance distributions that exist before the
calibration. Variables that describe modeling uncertainties may be assigned to the mean
load, the mean resistance, or both. The quantification of the Bayesian analysis requires
assignment of an initial distribution (called the "prior” distribution) to the model uncertainty.

Hurricane Andrew JIP Final Report Qctober 1993
4-1



Section 4 Calibration

Predictions of safety of the structural system, conditional upon realization of specific values
of the model variables, is done by conventional load-resistance reliability assessments,
(Failure occurs when load effect exceeds resistance. Uncertainties not related to the
modeling remain part of this reliability index calculation.)

‘These calculations lead through the Bayes theorem to a new and updated distribution
(called the "posterior” distribution) of the model variables.

Based upon platform experience in Hurricane Andrew, the Bayesian calculations would shift
their prior distributions to posterior distributions. If the platforms are found to "survive"
when the prior distributions indicate failure, then the load and resistance distributions move
further apart (survival data result), indicating the assessment process is more conservative
than initially suspected. If the platforms are found to "fail" when the prior distributions
indicate a survival, then the load and resistance distributions move closer together (failure
data result), indicating the assessment process is less conservative than initially suspected.

These updated "posterior” variables, based upon actual experiences, can then be used as the
basis for either code calibration or development of guidelines for reassessing structures.
Sensitivity studies are needed to show that initial prior assumptions of the model variables
have little effect on the assessments of reliability which follow the Bayesian analysis. Such
conclusions were developed from parametric analysis in both the Amoco [Moses, 1976] and
the recent PRAC 89-22 studies [Moses, 1991].

4.3 CALIBRATION APPROACH USED IN THE PROJECT

The last section provided general discussion of calibration and described some possible
results. This section describes the specific analytical calibration approach used for the
project.

4.3.1 The Bias Factor

The first task of the project was to determine what items or parameters would actually be
calibrated. Several possibilities exist, for example, specific detailed portions of the load and
resistance recipes, such as drag coefficients for use in the Morrison equation, or the "overall"
load or resistance recipe itself.

While calibration of specific details of the recipe is attractive, it also requires substantial
specific detailed information (i.e. Hurricane Andrew observations) from which to perform
the calibration. It became apparent early in the project that this level of detailed
observations would not be available. Calibration of the overall load or resistance recipe is
also attractive, but it became apparent that the project could not accurately determine if the
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calibration should focus on the load or resistance portion of the recipe. In addition, such
calibrations would require a greater in-depth effort beyond the scope of this project.

Therefore, it was decided to de-couple the calibration from either specific details of the
recipe or even from load or resistance, and instead to introduce a bias factor of "B that
effects the "safety margin” of the platform, defined as the ratio of resistance (R) to load (S),
or:

(R/S) true = B (R/S) computed (4-1)

Thus, the "true" margin R/S equals the "computed” margin R/S (as per the assessment
process) times a bias factor B to account for the inaccuracy in modeling. A value of B
greater than 1.0 indicates (on average) conservatism in the assessment process. A value of
B less than 1.0 indicates an (on average) unconservative process.

The bias factor B is what was "calibrated" by this project. The initial or "prior” value of B
for the project was taken as 1.0, which assumes no bias in the existing assessment approach,
and then updated via the calibration process to a new or "posterior” value based upon
analytical versus observed results of platform survivals, failures and damage in Andrew. In
actuality (as discussed later), this project has used a probabilistic approach for calibration
where B is defined by a normal distribution type with a mean value of 1.0 and an
uncertainty, defined as the coefficient of variation, of 30 percent for the prior.

4.3.2 Theory for Development of Bias Factor

The standard formula for calculating the probability of failure of a platform under wave
loading provides the initial basis for the calibration approach. The formula reflects the
variability in wave loads and capacities. The formula is then modified to introduce the
additional uncertainty resulting from the current limits to a precise understanding about
waves, wave forces, and the ultimate capacity of jacket systems. This modification allows
a quantitative description of the expansion to the current state of information resulting from
the inclusion of the Andrew data.

For clarity of presentation, attention here will be focused on the single most critical
direction (an octant of the compass) of waves relative to the structure; this may be end on,
broadside, diagonal or at (45°) to the structure’s axis, In fact, the results have shown that
this is an accurate assumption. Results are presented in Section 4.5 and sensitivity analysis
results presented in Appendix C for the effect of an increase in the number of seastates
justify the decision here to concentrate on a single direction.
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The conventional formula for calculating the probability of failure of a structure is
P = [T{1-F0)} fr® & (4-2)

where
fr 1s capacity PDF (probability density function)
Fg is CDF (cumulative distribution function) of load

In general the random load, S, is, for example, the maximum load in any one-year period,
and this case will be used below. The updating will also include the case in which S is the
maximum load on the structure during Andrew.

The load is represented by the base shear, BS, which will be represented by

BS = CI[h+C2ul® - ¢ (4-3)

[}

in which / is a wave height and u is a current, while CI, C2 and C3 are coefficients specific
to a particular platform and wave/current direction set (found by fitting this empirical
equation to calculated base shears for various pairs of /# and u values). Finally, €, is a
lognormal random variable with median 1.0 and specified coefficient of variation (COV) (or,

correspondingly, log standard deviation, o, _ ). €, represents wave-to-wave variability in

the actual base shear given waves of the same % (and period, T,) with the same current wu.
It is sometimes referred to as the variability in accurately predicting hydrodynamic forces
(e.g., variabilities in the drag coefficient C,).

Eq. 4-3 represents the (random) base shear associated with a specified wave height 2 and
current velocity u (with specified directions). In any given 1 hour seastate with significant
wave height A, and current u, there will be a sequence of N waves with random wave
heights, . We assume N is approximately 3600/T,, where T, is the period associated with
the peak of the wave spectrum. It is assumed that the probability distribution of each H is
the empirical Forristall distribution:
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« a-1 « .
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£

in which @ = 2,126 and B = 8.42. (This implies that the mean of H given Hg = h, is
0.603 h,.) '

Under these assumptions, the CDF of the maximum base shear in one hour (given H, = h,
and the (random) current U has value u) is

{ [ Fas(x| H<h,U=u) - Fuig, (RIH, = hy) dh}”f (4-5)

Fps is the lognormal cumulative distribution implied by Eq. 4-3. Extending this approach

to multiple hours with given values & | hsz , etc. and common current u, the

5

(conditional) CDF of the maximum base shear is obtained:

No.of Sign. Hours

[T {[FalxlH=RU =0 Fuw, (hIH,) = hj) an}" (4-6)

Hour
!

There is randomness in the A, level and the current U. This is modeled by assuming that
there is a (deterministic) storm "profile,” i.e., evolution of the significant wave height versus

-

time, given by values }?s , Hs2 ., etc.  Furthermore, the uncertainty in the actual
1
significant wave heights is represented by assuming that the true value in each hour is

H_ = Ii's €, H_= H "€, , etc, where the random variable, €,, is lognormal with
1 i 2 )

median 1 and Ome, @and is assumed common from hour to hour. This model can be
applied to represent either the maximum storm next year or the hindcast estimate of last

year's Andrew event at a given site, except that the numerical values assigned to the fis
. /
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and the o, ~ would change. The same model is used for the current U, with ¢,

representing the uncertainty (future or past) in the current. The final (marginal) CDF for
the maximum base shear, Fyg, during the multi-hour (unidirectional) "storm" is

No. of Sign. Hours

Fups® = [~ 1T { [Fasx|H=n,U =u) - Fum (HH, = h) dh}"f o
¥

f;,,‘(el)f;g(ez)dezdez

in which fEH (¢,) and jf,_1 (e;) are the PDF’s of the "errors,” respectively, in the hindcast
il S

of the significant wave heights and currents during Andrew (or in the "next year" case, the
year-to-year variability in the maximum annual significant wave height about its median and

the (associated) current about its median). Note that in Eq. 4-7, hsj = I:?Sj ‘€, and

The CDF, Fygs, of the maximum base shear is obtained by numerical integration given, in
the Andrew case, the hindcast estimates of the significant wave height and current in each
hour (while the waves approach from the critical octant), plus the structure specific base

shear coefficients Cy, C,, C;, and finally a set of COV’s (or approximately the 6., ). With

this, probability of failure can be calculated by numerical integration of Eq. 4-2, assuming
a lognormal distribution on R, with a specified median and COV.

As discussed in Section 4.3.1, in order to correct for possible bias in the load and resistance
recipe, a factor B has been introduced into the standard models used for wave loads and
structural capacities. Failure therefore is presumed to be associated with BR/S < I rather
than R/S < 1.
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PAB) = [T{1-F, (b0} fy () dx | (4-8)

This is easily calculated for a specified value of B using virtually the process as used above
for P,.

Eq. 4-8 is used in two ways. The first is to calculate the probability of failure next year.
Because information about the value of B is imperfect, the assumption is made that it can
be represented as a probabilistic variable, with PDF: fs (b); the dispersion (standard
deviation) of this distribution represents what is referred to variously as "mode! or
parameter uncertainty,” "epistemic uncertainty,” or "Type II uncertainty." The central value,
B, is anticipated to be somewhere around unity.

Given the distribution B, the probability of failure is found as:

Po= [TP®) fybyab | (4-9)

in which Py(b) is given by Eq. 4-8.

Finally, the objective of updating is to modify the distribution on B in a manner consistent
with the information/behavior observed during, for example, Andrew. The updating is
based on Bayes theorem of probability theory which states:

fs (B) = f5(b) -lk(bl _new ] (4-10)

information

in which f5(b) is the "prior” distribution of bias factor, B and f; (&) is the "posterior"

new

informa tion) 1s the "likelihood

(1.e., before and after obtaining the new information); lk(b i

function” on & which reflects the information about b contained in the new observations.
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For a specific structure, assume that a "success” is observed, i.e., that the capacity exceeded
the load, then

Ik (b |success) = P[success|b]

(4-11)
=1-P.(b)
where Pg(b) was given in Eq. 4-8. Similarly, a failure implies
Ik (b |failure) = P,(b) (4-12)

Instead of simple success or failure, assume that a degree of damage can be observed that
can be interpreted as the occurrence within a particular range of the load to capacity ratio.
For example, assume a pushover analysis suggests that n, braces fail at load/capacity = «;
and n, (>n,) at «,, then damage of n, but not n, braces implies the event that

s — (4-13)

and

Ik(b|damage) = P L < ESIS < ——1-—|b]
a

| %2 1
f 4-14
CpBR Ll pBR Ly, 19
_ S a, Y o,
= Fyle,b) - Pla,b)

As discussed in the following section, the above procedure was incorporated into a work
* station based computer code in order to simplify the required computations.
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4.3.3 PF and C1C2C3 Computer Programs

The project developed two computer codes to perform the computations. The programs are
called PF, which is used to develop the likelihood curves, and C1C2C3 which is used to find
the hydrodynamic force coefficients for each platform. The programs are written in Fortran
and operate on a SUN workstation. Each is described briefly below.

PF is short for "probability of failure” and is used to compute the likelihood curves for a
platform. The program performs the operations defined in equations 4-2 to 4-9. The
program uses a nested loop of 5 simultaneous numerical integrations to perform the
computations. Table 4-1 shows an example input. Information required includes the
C1C2C3 coefficients (discussed below) used to define base shear acting on the platform at
various wave heights and currents applied in a particular direction, storm data (the number
of hours of storm in that direction and the wave height, current and wave period for each
hour), the defining parameters (median and coefficient of variation) for the distributions
(base shear estimate, platform capacity, significant wave height and current), information
for the numerical integrations, and computation control. The program uses an automated
parameter study to determine if the numerical integrations are being performed correctly.
Table 4-2 shows an example output for PF. In this case, three separate PF runs were used
to estimate the likelihood curve for a range of b’s from 0.2 to 2.4, Appendix E provides
details on the PF program.

C1C2C3 is used to define the wave force coefficients required for equation 4-3. The
program fits a curve (defined by equation 4-3) to the platform base shear as computed by
a set of different waves heights and corresponding current. A three-dimensional iteration
method is used to determine the best fit coefficients [Press, et al,, 1987]. Table 4-3 shows
an example input for C1C2C3. Information required includes the platform base shear
(computed using the 3-dimensional platform computer model) for each wave height and
current pair, and an initial guess or "seed" value for C1, C2 and C3. Table 4-3 also shows
the C1C2C3 output which includes resulting C1, C2 and C3 factors as well as an error check.
Appendix F provides further details on the C1C2C3 program.

4.4 PROCEDURE FOR DEVELOPMENT OF BIAS FACTOR

The preceding sections have described the overall calibration process, analytical theory and
computer codes used by the project. This section describes the step-by-step procedure used
to determine the bias factor.
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Step 1: Data Collection for a Platform

The data required for platform calibration work includes the platform orientation, water
depth, latitude, longitude, structural configuration, and the "observed" condition of the
platform following Andrew. As reported by the platform owners, all platforms used in the
calibration had no known damage prior to Andrew.

The observed behavior of a platform is identified as:
s Survived (no damage)
s Damaged with locations of damage
m  Severely damaged or near collapse
»  Collapsed

This observed behavior is used to make a case for the appropriate classification of the
platform. The water depth, longitude and latitude are used to determine seastate data from -~
the Andrew hindcast at the actual site of a platform. The orientation of a platform is
important to relate the loading directions on the platform.

In addition to this, information of seastates observed at the platform site, the C1, C2, C3
coefficients to determine the base shear for different seastates, the capacity at failure of
successive members, and the capacity at formation of the collapse mechanism are needed.
Details of the method followed to establish these quantities are described in later steps.

Step 2: Establish Seastate Data

Hindcast data of Andrew in the Gulf of Mexico [Oceanweather, Inc., 1992] is used to
establish storm parameters at the site of the platform. The data is available for a large
number of grid points across the Gulf of Mexico.

Grid points in the vicinity of platform location are identified. By comparing the differences
in water depth, longitude, and latitude at the platform location and nearby grid points,
appropriate wave, current, and wind data is obtained. An interpretation scheme provided
by Oceanweather (Appendix D) was used to determine the site-specific metocean data when
a platform is located between grid points.

The hindcast data important for calibration work includes storm surge, wave direction with
storm hour, significant wave height, zero crossing wave period, and current speed along wave
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direction. In addition, the maximum individual wave height and maximum individual crest
height during the storm are required to decide wave criteria for development of a load
profile for the static pushover analysis, to establish base shear coefficients, and to determine
the likelihood of wave-in-deck loading.

Step 3: Establish Number of Directions for Analysis

Based upon the magnitude and approach direction of significant and maximum wave heights
during each storm hour, the orientation of platform, and the observed behavior of the
platform (locations of damages/failures, if any), the "zone of importance," or region of
maximum wave loading, which would have led to such observations is identified.

The important directions are selected by comparing platform symmetry and platform
capacities against wave approach from various directions of the platform, such as broadside,
diagonal, or end-on. By comparing the approach angles of seastates (from Step 2) during
individual storm hours, and the angle from the north of the key directions for the platform,
the number of wave directions important within the "zone of importance” are identified.
Additional directions within this zone could be selected to achieve more refined estimates
of the required quantities. '

Figure 4-3 presents application of this approach on platform ST151K.
Step 4: Determine Coefficients to Define Base Shear

Representative wave and current combinations are run past the platform computer model
and the resulting base shears are determined. Additional forces due to wind and the wave
in deck are separately computed and vectorially added to the wave and current base shear.
The resulting hydrodynamic forces on the platform for various combinations of wind, wave,
and current are plotted. Figure 4-4 indicates one such exercise for platform ST151K.
Approximately 30 wave runs are required to generate these base shear plots for each wave
approach direction.

The C1, C2, C3 coefficients are then determined by using the C1C2C3 program. In some
cases, due to significant changes in slope along the curve, several values of Cl1, C2 and C3
need to be computed for different ranges of wave heights. Repeated runs are sometimes
needed to reduce root mean square error between the input values of base shear and those
obtained using the generated C1, C2, C3 coefficients.

The resulting coefficients obtained for platform ST151K are shown in Figure 4-4. Several
sets of coefficients are established for waves approaching each primary direction of the
platform (e.g., broadside, diagonal, end-on).
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Step 5: Estimate Base Shear for Different Sea States

Using the seastate data developed in Step 2, analysis directions selected in Step 3, and the
base shear coefficients established in Step 4, base shear values are determined for each
direction of importance using equation 4-3. This step is required only to estimate the likely
change in base shear for different storm hours and to confirm the directions with maximum
base shear values.

The resulting base shear generated for each storm hour for the example platform ST151K
is shown in Table 4-4.

Step 6: Ultimate Capacity Evaluation

A nonlinear static pushover analysis is performed to determine the load level (base shear)
at successive failure of components and at formation of the failure mechanism for each
selected direction. The component failures of importance from these analyses are the
failure of joints and braces, yielding of legs and piles, and the pullout or plunging of piles.
The failure mechanism could form due to multiple failures in the jacket frames, or
foundation piles individually or in combination. The governing mechanism for each
direction analyzed for a platform is identified.

Step 7: Determine Likelihood Function for an Individual Platform

The probabilities of failure for a platform are then determined for its selected direction,
The formulation described in detail in Section 4.3 is followed to establish separately the
probability of failure for given sea states during selected storm hours, and the ultimate
capacity in each direction. The process is automated by using the PF program.

The uncertainties in distributions of various quantities in equations 4-7 and 4-8 in
Section 4.3 are required for evaluating the probability of failure. The following distributions
and variances have been assumed for this project:

Item Distribution = Expected Value cov
Capacity, R Log-Normal per analysis 0.15
Individual Wave height, H/H, Forristall per hindcast per formula
Error in H, Log-Normal 1.0 - 0.10
Error in current, U Log-Normal 190 0.15
Error in base shear, § Log-Normal 1.0 0.25 for wave-in-deck case

0.20 for wave-below-deck case
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The above values have been used for all platform cases. The resulting base shear
distribution is modified to account for breaking wave height. The breaking wave height for
shallow water depths has been considered as 0.78 d, where d is the sum of water depth and
storm surge [API, 1993]. A maximum of four storm hours has been considered in evaluating
the probabilities of failure for each direction.

A detailed sensitivity analysis has been performed by varying the mean and COV of these
parameters to evaluate changes in the resulting probabilities of failure. The results of this
sensitivity study are given in Appendix C.

The formulation of PF includes a factor, b, which represents a different estimate of
structural capacities (resistances) or different ratios of the best estimate of load and capacity
per Step 5 and Step 6. The probabilities of failure for each direction of a platform are
evaluated for a range of values of b from 0.2 to 2.5.

The values obtained from the PF program for different b values, represent the likelihood
function given an observed failure during specific storm hours for each direction for a
platform. In addition to this, the distributions of CDF of load, PDF of capacity, and
probability of failure for an individual b value can be obtained.

Step 8: Determine Combined Likelihood Function for all Platforms
For "failed" platforms (severe damage leading to salvage or collapse of platform), the most
important wave approach direction is established by comparing base shear and capacity

estimates for different directions. For the selected direction, the PF program is run to
obtain the likelihood function given an observed failure:

lk (b |failure) = P(b) (4-12)

For the "survived" platforms (no observed damage), the likelihood functions from Step 7 for
each important direction of a platform are modified as follows:

k(b |successin adirection) = 1 - PAb) (4-11)

The combined likelihood function for survived platform cases with more than one important
direction is then obtained as follows:
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No.ofdirection
k(b | success) =[]  [k(b|success in directioni)] (4-15)
direction
I

For "damaged" platforms, the likelihood function obtained in Step 7 is modified for a range
of load level (a;b to a,b), at which the observed damages are predicted to occur per the
static pushover analysis. «, indicates the ratio of the load level at which the analysis predicts
the observed damages to the ultimate capacity of the platform. «, indicates the ratio of the
load level at which the analysis predicts failure of additional members which were not
observed to the ultimate capacity of the platform. The resulting likelihood function for the
damage case would then be as follows: '

Ik (b|damage) = P/« b) - P/a,b) (4-14)

The combined likelihood function of b given observed behavior of n-number of platforms
with a combination of x-survivals, y-damages, and z-failures is obtained by direct
multiplication of likelihood curves for each individual platform as follows:

No.ofplatforms
k(b | new observation from n platforms) = H [k (b | observations)] (4-16)
plagform ‘P

Step 9:  Determine Posterior Distribution of B for All Platforms
The combined likelihood function developed for a number of platforms in the last step is

then used to establish distribution of bias factor, B, by Bayes theorem of probability theory
as follows:

fa(®) « k(b | new observation from n platforms) - f;(b) (4-17)

. where fé(b) is the prior distribution on B and f;’(b) is the posterior distribution on B.

A normal distribution with a mean of 1.0 and COV of 0.3 for prior estimate of B has been
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assumed in this project. The 1.0 mean value assumes that existing assessment procedures
are "accurate"in terms of predicting platform survival, damage or failure. The 0.3 COV is
an initial reasonable estimate for the uncertainty and is similar to that used in other
industries. As discussed later, a sensitivity study indicated that the posterior distribution of

B is relatively insensitive to the COV of the prior.

The mean and COV of the posterior distribution, f;’(b) are then determined. The change

in the mean value of B from 1.0 (or previous updated value) identifies bias (conservatism
or non-conservatism) in the load and resistance recipe.

In this project, the attempt is to establish distribution of a single global bias factor
irrespective of the combination of failure types leading to ultimate collapse. Correlations
between seastates, load level, and capacities in different directions have been neglected.

4.5 RESULTS OF CALIBRATION ANALYSIS
4.5.1 Case Studies Used in Calibration Work

As previously indicated, thirteen (13) platforms were used for calibration work. Following
Andrew, the platforms were inspected by operators for damages. In some cases, the crest
levels of waves based on damage and movement of various equipment on the deck were also
estimated.

The platforms were classified as follows based upon the observed data supplied by
OpEerators:

6 survival (no damage) cases: ST15 1K, ST130Q, ST134W, WD90A, MC 311, MC397
3 damage cases: T23, T25, ST161A '
4 failure cases: ST177B, ST151H, ST130A, T21

Platform ST134W had one damaged brace, but structural analysis did not indicate
occurrence of failure of any brace up to the ultimate capacity (the collapse mechanism was
the foundation) due to load effects from Andrew alone. Therefore ST134W was considered
as a survival case. Platform ST177B was severely damaged and was removed and salvaged.
Therefore, it was considered as a failure case.

The selection criteria for these platforms considered variation in physical characteristics to

~ obtain representative cases for a large number of similar platforms. An attempt was also

made to select unexpected cases in different categories.
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4.5.2 Characteristics of Platforms and Seastate Data

A summary of the important characteristics of the selected platforms is given in Table 4-5.
The selected platforms were installed between 1958 and 1991 in water depths from 61 ft to
468 ft.

The Oceanweather hindcast presents seastate data for up to 23 storm hours for each grid-
point. Seastate data for each platform site was developed using Andrew hindcast data
[Oceanweather, 1992] for selected grid points in the vicinity of the platforms. The selected
grid points and interpolation factors used for each platform are given in Appendix D. A
summary of the resulting hindcast maximum seastate for each platform is given in Table 4-6.
The storm waves in general approached from Northeast, East, Southeast, and South
directions. Further description of the platforms is provided below for the three different
categories of survival, damage, and failure.

Survival cases: These six platforms were installed between 1963 and 1991 in water depths
from 137 ft to 468 ft. The platforms were located in South Timbalier, West Delta, and
Mississippi Canyon blocks and were wellhead, quarters, or process type. Three platforms
were 4-legged and the remaining three were 8-legged. The leg-pile annulus for three of the -
platforms was grouted. The three platforms installed before 1964 had K-braces/joints and
the remaining three had diagonal or X-braces in the vertical frames. The maximum
hindcast wave height for these platforms varied from 50.5 ft to 65.9 ft, with crest heights
ranging from 33.5 ft to 41.3 ft. The maximum associated current in the direction of waves
varied from 1.33 fps to 3.44 fps. Waves impacted the cellar deck of two of the platforms,
but did not impact the main deck. The operator’s post storm damage assessment indicated
that for some platforms the wave crest was even higher, based on the condition of the stairs,
handrails and topside equipment. For some platforms, the operator inferred that the wave
height may have been as high as 72 f1.

Damage cases: These three platforms were installed from 1964 to 1969 in water depths
from 62 ft to 118 ft. The platforms were located in South Timbalier and Ship Shoal blocks
and were hub or production/quarters type. Two platforms were 4-legged, one platform was
8-legged, and each had a grouted leg-pile annulus. The two 4-legged platforms had K-
braces/joints in both orthogonal direction frames, whereas the 8-legged platform had K-
brace/joints in the end-on frames and diagonal braces in the broadside frames. The
maximum hindcast wave height for these platforms varied from 50.3 ft to 58.5 ft, with crest
heights ranging from 30.9 ft to 40.2 ft. The maximum associated current in the direction of
waves varied from 3.56 fps to 4.25 fps. Waves appear to have impacted the cellar deck of
one platform.
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Failure cases: These four platforms were installed from 1958 to 1969 in water depths from
61 ft to 142 ft. The platforms were all located in South Timbalier blocks and were hub,
wellhead and process type. Three platforms were 8-legged and one was 4-legged, with all
having a grouted leg-pile annulus. All 8-legged platforms had K-braces/joints in the end-on
frames and diagonal braces in the broadside frames. The 4-legged platform had K-braces/
joints in the both orthogonal frames. The maximum hindcast wave height for these
platforms varied from 49.7 ft to 60.95 ft, with crest heights ranging from 31.1 ft to 41.8 ft.
The maximum associated current in the direction of waves varied from 3.41 fps to
4.26 ft/sec. Waves appear to have impacted the cellar deck of two platforms.

4.5.3 Probability of Failure of Platforms During Andrew:

Base shear coefficients were determined for these platforms following Step-4 described in
Section 4.4. Estimates of maximum base shear for all storm hours were made using the
base shear coefficients established using the C1C2C3 program. Tables with seastate
parameters, base shear coefficients, and expected maximum hindcast base shear during each
storm hour are given in Appendix B for all platforms.

The platforms were then analyzed to establish load levels (base shear) at failure of
successive members (joints, braces, legs, piles) and at formation of a failure mechanism by
following the procedure detailed in Section 3. The results of ultimate capacity analysis for
only the most important directions were used in the calibration work. The probabilities of
failure for these platforms were then evaluated by using the PF program, and resuits were
obtained for different values of b ranging from 0.2 1o 2.5.

A comparison of ultimate capacity and maximum hindcast base shear values for the different
directions evaluated and the resulting probabilities of failure at b=1.0 are given in Table
4-7 for all platforms. The ratio of ultimate capacity to expected maximum hindcast base
shear varied from 0.78 to as high as 3.69. The probabilities of failure during selected storm
hours in a single direction vary from 0.001 to 0.88 for these piatforms.

For purposes of classification, a probability of failure of 0.50 has been considered as a target
level for defining expected or unexpected failures or survivals. The platform was expected
to survive if the probability of failure is less than 0.50. The platform was expected to fail
if the probability of failure is more than 0.50. This is obviously a subjective classification
and it could be argued that other values of the probability of failure (e.g. 0.20 or 0.40) are
more appropriate. The intent for this project was to define a reasonable transition value
that can be used to help explain the calibration results. Note that the classification of
unexpected survival, expected survival, expected failure, etc. do not impact the final
calibration results (i.e., they are for discussion purposes only).
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A summary of results along with the expected maximum base shear during Andrew is
presented below for the three categories of platforms.

Survival cases: The ultimate capacity results for two directions were used for calibration
of behavior of the 5 survived platforms and for only one direction for one platform.

Platform ST151K had maximum waves during storm hours 6 to 8, with waves approaching
from the broadside and diagonal directions, with waves from both directions inundating the
cellar deck. The first components to fail are a group of K-joints at 2,330 kips in the
broadside direction; the ultimate capacity in this direction was 3,500 kips. The hindcast
maximum wave force was computed as 4,765 kips. Platform ST130Q had maximum waves
during storm hours 6 to 8, with waves approaching from the diagonal direction and waves
inundating the deck. The pushover analysis indicated the pile yield as the first component
failure at 1,118 kips. Up to the ultimate capacity of 1,265 kips, two piles yield, and pile
pullout/ plunging occurs. The hindcast maximum wave force during these storm hours
ranges from 964 kips to 1,214 kips. The total probability of failure for these two platforms
during Andrew is 0.03 and 0.67. These two platforms are thus classified as unexpected
survivals.

Platform ST134W had maximum waves during storm hours 6 to 8, with waves approaching
from the end-on and diagonal directions. The pushover analysis indicated first yield of one
pile section at 1,620 kips and ultimate formation of pile hinges at four piles at 1,923 kips.
The hindcast estimate of maximum base shear is 1,307 kips. Platform WD90A had
maximum waves during storm hours 7 to 11, with waves approaching from the diagonal and
end-on directions. The first failure in the end-on direction occurs at 2,614 kips, at which the
K-joints and a large number of braces fail. Pile pullout eventually occurs at the ultimate
capacity of 3,267 kips. The hindcast maximum wave force is 2,029 kips. The probability of
failure for these two platforms during Andrew is 0.29 and 0.34. Therefore, these two
platforms are classified as expected survivals.

Platforms MC311 and MC397 platforms are highly redundant platforms with ultimate
capacities in the range of 11,566 kips to 20,700 kips. The hindcast maximum base shear for
these platforms is estimated to vary between 3,144 kips and 6,382 kips. The ultimate
capacity is based upon formation of frame failure or pile failure mechanisms. The
probabilities of failure for these platforms are near 0.01. Therefore, these two platforms are
classified as sure survivals.

Damage cases: The evaluation of wave approach directions along with the piatform
orientation indicated that only one direction is the most important for the 3-damaged
platforms.
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Platform T23 in ST52 block had high waves during storm hours 5 to 7, which approached
the platform at roughly 115 degrees from true North. The failure of K-ioints in the bottom
bay on the platform's north and south frames occurred at 901 kips. Thereafter, other
K-joints failed and first pile yield occurred at 1,686 kips. The ultimate capacity of the
platform in this direction is 2,006 kips (Ru). The hindcast maximum wave force is
estimated as 1,092 kips. This platform is located in 63 ft and the breaking wave height
computed as 0.78*d (where d includes storm surge) characterized the maximum wave height
at the site. The probability of failure for the selected storm hours is 0.01. The observed
damages of the platform included failure of the two K-joints reported by analysis at 989 kips
load level. The next set of braces failed in the analysis at 1,105 kips. Therefore, the
probability of occurrence of damage is evaluated for this platform, when the hindcast load
level remained between the pushover load levels 989 kips (0.49 Ru) and 1,105 kips
(0.55 Ru). The probability of failure for this condition at b equal to 1.0, is estimated as
0.15. Based upon analysis and observed results, this platform is classified as expected to
survive but likely to have damaged K-joints. '

Platform T25 in SS139 block had high waves during storm hours 6 to 9, which approached
in the orthogonal and diagonal directions. The observed failures indicated that damage
probably occurred from waves in the orthogonal direction. Therefore, the orthogonal
direction was selected for the calibration work. The first failure occurs in K-joints at 671
kips. The ultimate capacity of platform is 1,342 kips (= Ru). The hindcast maximum base
shear is estimated as 1,691 kips. The probability of failure is 0.87. Failure of K-joints was
observed in the bottom two bays of the North and South frames of the platform. The
pushover analysis indicated that these K-joint failures occurred at a base shear of 923 kips.
The next set of K-joints in the upper bay failed in the analysis at 1,132 kips.

The probability of failure for the condition in which the pushover load level was between
923 kips (= 0.69 Ru) and 1,132 kips (= 0.84 Ru) is estimated as 0.03 at b equal to 1.0 and
as 0.31 at b equal to 1.8. This platform is classified as unexpected to survive and most likely
to have multiple damage of K-joints.

Platform ST161A had high waves during storm hours 6 and 7, which approached the
broadside direction and inundated the cellar deck. The first component failure occurred at
900 kips in the T-joint at Elev. (+)10’ and a2 number of other T-joints at this level failed
in compression and tension up to 1,474 kips load level. The first failure of K-joint occurred
at 3,670 kips at Elev, (+)10’ level and the last K-joint failure occurred at Elev. (+)10" at
4,014 kips. First yield in two deck legs at cellar deck level occurred at 3,583 kips and 3,977
kips. The hindcast maximum wave force is estimated as 3,973 kips. The probability of
failure for the selected seastates and the ultimate capacity of 4,426 kips (=Ru) is 0.51. The
K-joint failures were observed following Andrew. The Andrew load estimate of 3973 kips
is close to the pushover load level at failure of the second K-joint at 4,014 kips (= 0.91 Ru)
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and lower than the ultimate capacity of 4,426 kips; thus, the observed failures are predicted.
The probability of occurrence is determined by using the formulation for damaged platforms
given in Section 4.4, and the probability of failure at b equal to 1.0 is 0.07. This platform
is classified as expected to survive and likely to have observed damages.

Failure cases: The direction which is most likely to have maximum loads during Andrew
were analyzed for each of the four failed platforms. The selected directions are given in
Table 4-5.

Platform ST177B had maximum waves during storm hour 6 at 88 degree from true North,
with waves approaching the diagonal direction at 22.5 degree from broadside. The pushover
analysis indicated failure of a number of K-joints in the end-on frames at 2,452 kips at
bottom bay joints, and 2,942 kips at Elev. ()28’ joints. The elev. (-)65’ joints failed at 3,677
kips. First pile yield occurs at 3,677 kips and the ultimate capacity of platform due to frame
failure and pile hinge formation occurred at 4,168 kips. The observed damages indicate
failure of K-joints at Elev. (-)28’ and at Elev. (-)65’. The hindcast maximum base shear with
inundation of deck is 5,150 kips. The probability of failure for the selected storm hours is
0.77. This platform is classified as an expected failure. '

Platform ST151H had maximum waves during storm hours 6 to 8, which approached
diagonal direction. The pushover analysis indicated first failure of K-joint in the end-on
frames at 2,666 kips and successive failure of several diagonals in the broadside frames

leading to ultimate failure of the platform at 3,999 kips. The first yielding of a pile occurred

at 3,999 kips. The hindcast maximum base shear for this direction is estimated as 4,206 kips
with inundation of the cellar deck. The probability of failure during the selected storm
hours is 0.69. This platform is classified as an expected failure.

Platform ST130A had maximum waves during storm hours 6 to 8, which approached from
the diagonal direction. The pushover analysis indicated that first K-joint failure occurred
at 1,300 kips and first yield of pile occurred at 1,800 kips, with the ultimate capacity of
platform at 3,000 kips. The maximum hindcast base shear is estimated as 2,779 kips. The
probability of failure for selected storm hours is 0.53. This platform is classified as a likely
failure.

Platform T21 in ST72 block had maximum waves during storm hours 5 and 6 which
approached from the orthogonal direction. The pushover analysis indicated failure of K-
joints starting at 1,050 kips, first yielding of pile section at 1,633 kips, with the platform
capacity due to frame failure at 1,984 kips. The maximum hindcast base shear is computed
as 1,615 kips. Although the probability of failure for the selected storm hours is 0.40 (less
+ than 0.50), it was decided to categorize this platform as a likely failure due to additional
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unknowns for this platform such as potential pre-existing damage, site-specific soil
conditions, and shallow water wave forces. This platform is classified as a likely failure,

4.54 Likelihood Function Development

Table 4-6 presented the most important directions plus the parameters for the storm hour

with the hindcast maximum seastate in that direction. The parameters for other storm hours
and base shear coefficients are given in the tables for each individual platform in
Appendix B. Table 4-7 presented the ultimate capacity for the directions selected.

As previously discussed, the probability of failure analysis was performed by using the PF
program. The platforms were analyzed for the directions identified in Table 4-7 for
seastates during a2 maximum of four storm hours. The distributions summarized in Step 7
of Section 4.4 were used for all the platforms.

The analysis was performed for a number of values of b from 0.2 to 2.5. The integration
limits and number of integration points in the distributions of various parameters to be used
in the program would vary with change in the value of b. The program determines the
optimized integration limits and points for various parameters for given values of b. Such
optimized integration limits were established for a number of b values and the program was
run using these to determine probability of failure (Py) for a large number of b values. A
plot of resulting values of P; for different b values is known as the likelihood function given
an observed failure for a specific direction of a platform,

The likelihood function for the platform was then obtained by modification of individual
likelihood functions given an observed failure for a direction, to account for the effect of
multiple loading directions, observed survival, and observed damage cases. The details of
arriving at different likelihood functions were given in Step-8 of Section 4.4.

Figure 4-5 presents the individual likelihood functions for the six success (survival) cases.
Note that the likelihood functions for five platforms represent the combined effect of two
directions selected for each case. The combined likelihood function in the event of
observing success of all six platforms (6 out of 6 success event) is given by the bold line in
this figure. The positioning of the likelihood functions for the six platforms indicate distinct
differences and justifies the classification of platforms reported in Table 4-7.

Figure 4-6 presents the likelihood functions for the three damaged platforms. The
likelihood functions from PF program are modified for the probability of hindcast load level
to lie between 0.49 Ru to 0.55 Ru for T23, between 0.69 Ru to 0.84 Ru for T25, and

- between 0.91 Ru and 1.0 Ru for ST161. The damage likelihood function takes the form of

a distribution function compared to the cumulative distribution function form for the
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survival and failure cases. The combined likelihood function, given damages in three
platforms (three out of three damage event), is obtained by multiplication of the individual
functions.

Figure 4-7 presents the individual likelihood functions for the four failure cases. Only one
direction was analyzed for these platforms. The cumulative likelihood function given 4
failures (four out of four failure event) has been determined by multiplication of the four
individual distributions.

Figure 4-8 represents the change in likelihood function with observing successive failure
cases. This figure shows the importance of including all 4 observed failure cases and that
further shift in the combined likelihood function for failure cases only may not be significant
by additional new failure cases. The likelihood function in bold indicates the event of
observing 4 out of 4 failures. The 4 failure cases limit the upper end of the function at b
equal to 1.5.

Figure 4-9 demonstrates the effect of including observed damage cases. The inclusion of
ST161A limits the lower end of the combined likelihood function for failure cases at b equal

to 0.3 and its peak lies at b of 0.7. By addition of the other 2 damage cases, the peak value -

and lower limit of combined function shift to right. The peak of the combined likelihood
function when 4 failure cases and 3 damage cases are observed becomes 1.04 and it ranges
between b of 0.7 and 1.5.

Figure 4-10 demonstrates the effect of observing successive survival cases. The inclusion of
platforms MC397 and MC311 (sure survivals) does not shift the combined likelihood
function for the seven observed failure and damage cases during Andrew. By including
WD90A and ST134W (expected survivals), the shift in peak value is marginal. The peak
value and combined function shifts to right primarily due to ST130Q and ST151K cases
(unexpected successes). The peak of combined likelihood function for the observed
behavior of all 13 cases is at b of 1.17 and it ranges between b of 0.9 to 1.7.

Figure 4-11 demonstrates the effect of successively including each group of failure, damage,
and survival cases. Note that the observed failure cases and damage cases during Andrew
limit the upper end and lower end of the combined likelihood function with a peak near b
of 1.04 and ranging between b of 0.7 and 1.5. The effect of including the unexpected
observed success cases, ST130Q and STI51K, shifts the peak from 1.04 to 1.17 and the
ultimate combined likelihood function range between b of 0.9 and 1.7.
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4.5.5 Development of Posterior Distribution of Bias Factor

The posterior distribution of bias factor is established by following the procedure given in
Step 9 of Section 4.4. A prior distribution of bias factor, B is assumed as a Normal
distribution with mean of 1.0 and COV of 03. The cumulative likelihood functions
developed in Figures 4-S to 4-7 for survival, failure, damage, and in Figure 4-11 for all
combined cases are then multiplied with the prior distribution of B to obtain the respective
posterior distributions of B.

Figure 4-12 presents the prior distribution of B, the change in posterior distribution with
inclusion of each observed success case, and the posterior distribution when all six success
cases are included. It is noted that platforms MC397 and MC311 have negligible effect,
platforms ST134W and WD90A have moderate effect, and platforms ST130Q and ST151K
have a significant effect in shifting the posterior distribution. The mean and COV of
posterior distribution of B given the six success cases are 1.44 and 0.14, respectively.  The
posterior distribution given only six successes indicates that the assessment process is
conservative,

Figure 4-13 presents the prior distribution of B, the change in posterior distribution with
inclusion of each damage platform case, and the ultimate posterior distribution when all
three damage cases are included. The mean and COV of posterior distribution of B given
the 3 damage cases are 1.26 and 0.13, respectively.

Figure 4-14 presents the prior distribution of B, the change in posterior distribution with
inclusion of each observed failure case, and the ultimate posterior distribution when all four
failure cases were observed. It is noted that all four platforms have influence in shifting the
posterior distribution of B. The mean and COV of posterior distribution for the given four
failure cases are 0.69 and 0.27, respectively. The posterior distribution given only four
failures indicates that the assessment process is unconservative.

Figure 4-15 presents the prior distribution of B, posterior distributions generated in
Figures 4-12 to Figure 4-14 for survival, failure, and damage cases respectively, and the
ultimate posterior distribution given observed information for all 13 platforms. The mean
and COV of the ultimate posterior distribution of B given information for 13 platforms are
1.19 and 0.10, respectively.

4.5.6 Sensitivity of Change in Parameters/ Assumptions on the Posterior Distribution
During the course of this project a number of sensitivity studies were performed to

understand the influence of the various parameters on estimates of the probability of failure.
A summary of the sensitivity studies performed to evaluate the effect on the posterior
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distribution of B is presented in this section. Results of other sensitivity studies are
provided in Appendix C.

s Case I: Variation in COV of prior distribution of B

Figure 4-16 shows the effect of variation in COV of the prior distribution of B
from 0.3 to 0.2 and 0.4. The resulting posterior distributions show marginal
change. The mean B changes to 1.16 and 1.20 for COV of prior of B equals 0.2
and 0.4 respectively. The posterior COV of B reduces to 0.09 for prior COV of
0.2. Therefore, the assumed 0.30 COV of the prior distribution of B is reasonable.

w Case 2: Reduction in one major case from each category

Figure 4-17 presents the effect on posterior distribution of B when a single
platform is removed from any of the three categories.

The results indicate that removal of either ST151K (a survival case) or T2555139
(a damage case) has nearly the same effect on the posterior distribution of B. The
mean of B reduces to 1.11 for either of the twelve-platform groups from 1.19 for
the base case group (13 platforms). Note that the mean of the prior of B shifts
from 1.0 to 1.36, when only ST151K is included (Figure ES-2), whereas the shift
in mean is from 1.11 to 1.19 when the effect of the 12 other platforms has been
included. With the removal of T21 ST72, a failure case, the mean of B increases
from 1.19 to 1.27. The change in mean of B is roughly 7% for either of the three
cases.

The COV of B increases marginally from 0.10 to 0.11.

= Case 3: Removal of three damage cases
Figure 4-18 shows the effect of removal of all three damaged platforms on the
posterior of B. The mean of B reduces from 1.19 (13 platforms) to 1.11 (10
platforms), i.e, approximately 6 percent reduction.
The COV of B increases to 0.12.

= Case 4: Assuming 13 more similar observations are available
Figure 4-19 shows the effect of inclusion of additional platforms. It is assumed for

this demonstration that there are an additional 6 success, 4 failures, and 3 damage
cases for platforms similar to those made available for this project. The posterior
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of B developed in Section 4.5.5 becomes a new prior with a mean of 1.19 and a
COV of 0.10. The posterior distribution for a total of 13 similar additional
platforms changes marginally with mean and COV of 1.20 and 0.07 respectively.
Note that the distribution of B becomes more peaked with the addition of more
platforms.

This figure also demonstrates the effect of including an additional 6-survival cases
or 3-damage cases or 4-failure cases. The shift in mean of B for such cases is
between 3 to 10 per cent from 1.19 and COV of B reduces marginally to 0.08 —
0.09. In case of including mixed group of additional platforms, the shift in
posterior of B will be marginal.

4.6 APPLICATION OF CALIBRATION RESULTS TO OTHER PLATFORMS

The resulting posterior distribution of "B" in Section 4.5, which represents bias in the
assessment of the ratio of ultimate capacity to maximum environmental load (Ru/ S), can
be used to update the safety index or probability of failure for a platform. The distribution
of B presents the effect of introducing modeling errors or Type-II uncertainties, in the
various assumptions and simplifications made in the load and strength modeling recipe and
analysis techniques followed.

The following describes the steps needed to evaluate the updated annual probability of
failure, when the effect of modeling errors established in this project is included. This
process is applied to an example platform, ST151K, with an assumed annual maximum
seastate distribution.

Step 1: Establish Annual Maximum SeaState Data

The distribution of annual maximum significant wave height, Hs, and associated current and
wind magnitudes are needed for different directions of importance to the platform.

For the example application, a log-normal distribution for annual maximum Hs with a
median of 17.5 ft., and COV of 0.314, for a location in the Gulf of Mexico in water depth
of 137 ft. and storm tide of 4 ft. has been assumed. This distribution has been provided by
Dr. Chuck Petrauskas (Chevron) and is only intended for illustration of the updating
process. It is not intended for use elsewhere. This distribution applies to the omni-
directional wave height. It is assumed that the storm duration is 3 hours which is equivalent
to approximately 800 waves. The above distribution for Hs was used for hour 2 of the storm
and lower values were used for median of Hs for hour 1 and hour 3 of the storm (based on
7 percent typical reduction in Hs noted in Andrew Hindcast data). The associated current
has been assumed to have a median value of 2.1 knots with a COV of 0.15.
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The above annual maximum seastate was used for location in 137 ft. water depth in the
South Timbalier field, and platform specific seastate data was developed considering
orientation of the 8-legged platform ST151K for three approach directions: broadside,
diagonal, and end-on. The guidelines given in Section 2.3.4 of API RP 2A were used to
_develop seastate data for the different directions.

On this basis, the median Hs for storm hour 2 was determined as 16.1 ft, 17.5 ft, and 16.28
ft for broadside, diagonal and end-on directions, respectively. The median value of the
current was determined as 1.97 kt, 0.88 kt, and 0.71 kt for broadside, diagonal and end-on
directions, respectively.

Step 2: Determine Coefficients to Define Base Shear

The C1, C2, C3 coefficients described in Section 4.4 are required for selected directions of
the platform.

For the example platform (ST151K), the base shear coefficients developed for estimation
of the posterior distribution of "B" were used.

Step 3: Determine Ultimate Capacity of Platform

The ultimate capacity of the platform using the pushover load reflecting the annual
maximum seastate established in Step 1 is required for the selected directions. The details
of the various assumptions made in modeling of platform and of the pushover analysis
process are given in Chapter 3. :

The ultimate capacities determined for the example platform in Section 3.4 as 3,500 kips for
the broadside and diagonal directions and as 3,900 kips for the end-on direction were used.

Step 4: Determine Failure Probability versus b

The conditional probability of failure given b, P[S > Rb | b], for a range of b values for
each selected direction of the piatform is required (see equation 4-18 below). The details
of development of this probability were given in Section 4.3 and 4.4.

The failure probability functions were obtained for the example platform for the three
directions using the PF program. The median values of Hs and current developed in Step 1
were used. A log-normal distribution was assumed for the “error” in Hs with median of
1.0 and COV of 0.314 (based upon the previously noted Gulf of Mexico data). The
Forristal distribution was used for the individual wave heights. In addition, the distributions

Hurricane Andrew JIP Final Report October 1993
4-26



Section 4 Calibration

of capacity, error in base shear, and error in current as given in Section 4.4 were used. The
resulting variation in failure probability versus b is shown in Figure 4-20.

Step 5: Determine Probabilities of Failure

Probabilities of failure for three cases were used to illustrate the variation in its magnitude
due to the updating process. The three cases are identified as follows:

»  The probability of failure, P;, without including modeling uncertainties
s The probability of failure, P, with the prior distribution of B
»  The posterior probability of failure, P/’ with the posterior distribution of B

The first value reflects the probability of failure following the conventional procedure (e.g.,
like that used in the LRFD RP2A development); the second value reflects the explicit
inclusion of uncertainty associated with modeling assumptions; and the third value reflects
the updated probability of failure after the incorporation of the information about modeling
contained in the Andrew experience. The formulations for the three quantities for a specific
direction of the platform are given as follows:

P, = P[S>R] (4-18)
P/ - fP[s > Rb | b] f (b) db (4-19)
P/ = f P[5 > Rb | b] 1Y @) db (4-20)

where

P[S > R] represents the probability of failure for given S and R distributions and following
the procedure illustrated in Section 4.3, but using the distributions given here.

P[S > Rb | b] represents the conditional probability of failure given b, i.e., the variation

- of probabilities of failure for different fixed values of b.
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f; (b) represents the prior distribution of B assumned in the Andrew-JIP (mean 1.0, COV

0.30).

f;’(b) represents the posterior distribution of B established in the Andrew-JIP, reflecting

the experience during Andrew and the model calculated loads and capacities using a defined

recipe.

The total probabilities of failure for a platform can be conservatively approximated by:

Total P,/

TotalP, =1 -JI1-P1 =% P,

1-TTu-#1=-% 7

ToalP/ =1 - 11 -2/1=% P/

(4-21)

(4-22)

(4-23)

where the product or sum is over the directions. A lower bound estimate is the maximum

P; in any direction.

The above formulations were applied to the example platform. The plots of the resulting
conditional probability of failure, prior distribution of B, and posterior distribution of B are
given in Figure 4-21 for the broadside direction. The following annual probabilities of
failure were obtained for the three directions:

Broadside Diagonal End-on
P, 0.037 0.025 0.007
P/ 0.071 0.044 0.018
P’ 0.022 0.016 0.004

The 1otal annual probability of failure for the platform for the three cases is thus obtained

as follows:

Hurricane Andrew JIP Final Report

4-28

October 1993



Section 4 Calibration

| = 0.07 (without modeling uncertainties)
P/ = 0.13 {with prior B)
P, = 0.04 (with posterior B)

From the above results obtained for the example platform, the following are observed:

w  The probability of failure (P;) with prior distribution of B, ie., including
(unbiased) modelling uncertainties, will always be higher than the “simple” prior
probability of failure (P,)

»  Given the posterior distribution of B established in the Andrew JIP, with median
greater than 1 and a reduced COV, the posterior probability of failure P/’ will
always be lower than the prior probability of failure (P).

» In this case, the posterior value, P/’ is also lower than the simple value, P, The
primary cause is the median greater than 1; the posterior COV of B is small so it
has little effect compared to the random variabilities, €.g., in the annual H_ value’
or in the Cj coefficient.

4.7 SUMMARY OF CALIBRATION WORK

The calibration work aimed at development of a basis to improve estimates of probability
of failure or safety index of a platform. The updating is made possible by establishing a bias
factor (B) and its distribution, based upon data from the observed behavior of 13 platforms
during Andrew. The probability of failure is then obtained for each platform and Bayes
formula of probability theory is used to establish the posterior distribution of B.

Details of the theory developed for calibration of behavior with best estimate from analysis
were provided in Section 4.3. Note that in the evaluation of the probability of failure, the
data for only a few hours with significant storm was found to be important in this
formulation. Appropriate distributions for various parameters were assumed and their effect
on estimates of probability of failure were evaluated by sensitivity studies.

The procedure followed for development of bias factor (B) and its distribution is given in
detail in Section 4.4. The method presented signifies importance of obtaining platform
information as accurate as possible (i.e., “crisp” data) for use in establishing the bias factor.

The ultimate capacity evaluation followed the recipe presented in Chapter 3 for load and
capacity estimates, and for various assumptions in modeling and analysis. The load levels
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at failure of successive members and formation of collapse mechanism indicate that more
refined models are needed for some components.

The procedure was applied to 13 selected platforms installed during 1958 to 1991 in water
depths ranging from 61 ft to 468 ft. Out of these 13 platforms, 6 survived, 3 were damaged,
and 4 failed. The configurations of the platforms varied from 4 to 8 legs, with K-joint,
diagonal, and X-brace framing. Waves appear to have inundated cellar decks of S of the
platforms based on the hindcast maximum wave heights.

Both unexpected survival cases had K-joints. The formula used to evaluate the capacity of
the K-joints gives a lower bound result. In addition, both platforms had waves in the deck.
These deck wave forces evaluated based on API preliminary deck force guidelines
(Table 3-1) are relatively conservative. These could be reasons why the platforms were
"unexpected" successes.

The two expected survival cases had a hindcast maximum base shear higher than the load
level of failure of the first component. The first component failure occurs in platform
ST134W due to first yield in pile section, and for platform WD90A due to failure of one K-
joint. These represent lower bound capacities. These could be the reasons for not
observing any damages in these platforms.

The two sure survival cases followed new design practices with highly redundant X-braces
in the vertical frames. These platforms were designed to newer standards for working stress
design. Therefore, these platforms had very low probability of failure and were expected
to have survived, undamaged.

The expected failure cases had lower capacity diagonals and K-braces and a low ratio of
ultimate capacity to expected Andrew load. Waves inundated the cellar decks of two
platforms. These high loads probably led to the observed platform failures.

The two likely failure cases had low margin between expected Andrew load to ultimate
capacity, and the analysis indicated failure of a large number of K-joints. The first K-joints
failed at a fairly low load. The low margin, combined with multiple failure at the K-joints,
probably led to the observed platform failures.

The two damaged platforms were determined analytically to survive. The results indicate
high margins for these two platforms with lesser damage. One platform had an expected
Andrew load higher than its ultimate capacity and it had significant observed damage. All
three platforms had K-joint failures. Lower bound capacity formulas were used for K-joints,
which could be the reason for the lower capacity estimate.
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The likelihood functions and the posterior distributions indicate that the observed failures
during Andrew have nearly equal importance in shifting the distributions. The observed
damage case of T25 has more effect in shifting the distributions than other two damage
cases. The two unexpected success cases included (ST151K, ST130Q) have more effect in
shifting the mean value of B than the other success cases.

The sensitivity analysis results indicated that assumed prior of B is acceptable, as reasonable
variation in COV from 0.3 would shift the posterior mean by only 2 per cent. The sensitivity
analysis indicated that the mean of B would change by roughly 7 per cent when a single
platform is removed from any of the three cases (survived, damaged, failed), and when a
mixed group of new platforms are considered the shift in mean of B would be marginal.

Based on the results presented in this section, it may be important to give different
weighting to the various platforms used, so that the resulting posterior distribution is
independent of the number of platforms. A very large number of platforms may seem to
be ideal to include in such a study, but it would be difficult from practical standpoint.

A favorable bias factor, B, with a mean of 1.19 and COV of 0.10 has been established by
comparison of analytically predicted behavior with the observed behavior in Andrew. This
bias factor reflects conservatism in load and resistance recipe, and pushover analysis
techniques followed in this project.

Application of this bias factor to an example platform resulted in a reduced annual
probability of failure of the platform.

Hurricane Andrew J1P Final Report October 1993
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Figure 4-3  Storm Approach Directions and Analyzed Directions - STI51K



Base Shear, S (Kips)

14000

12000

10000

Wave Height vs Base Shear: ST151K, Broadside Direction

/7
/]

U=0 knots
U= 1 knots

U= 2 knots

C1.C2, C3 for Platform STIS1K

50

60

Wave Height, H (ft.}

70

75

Direction | Wave Height C1 C2 C3
Range
ft.

Broadside 35t0 57 0301 599 2.24
58 to 69 3.56E-03 3.60 3.38

70t 75 1.54E-04 2.59 4.15

Diagonal 35t0 57 0.169 6.21 236
58 to 69 2.87E-03 4.10 3.38

T0to 75 2.28E-02 4.57 290

End-On 35t0 57 0.154 5.33 2.36
58to 69 6.23E-03 3.86 3.17

T0to 75 1.80E-02 4.05 292

Figure 4-4

Base Shear Coefficients - ST151K .
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Section 5§
Conclusions and Recommendations

5.1 DATABASE

The database indicates that a majority of the severely damaged or failed platforms were of
1960’s or earlier vintage with many having incurred wave-in-the-deck loads during Andrew.
Only three platforms installed after 1977 (API RP 2A, 9th edition) were damaged or failed.
Post storm investigation indicates that these platforms were likely affected by other than
large waves (e.g., pre-existing damage). This is an important observation since API is
currently considering design by the 9th edition or later of API RP 2A as one of the criteria
for reassessment.

The database was not as extensive as originally anticipated due to lack of data from non-
participants. However, the variety of survived, damaged and failed platforms available from
participants provided a good sampling of platform consequences for the calibration. The
primary recommended further work for the database includes gathering additional
information on failures/survivals to support additional calibrations (see below).

52 CAPACITY ASSESSMENTS

In some cases, significant differences were observed between the failed members identified
by analysis and those observed following Andrew. Further and more detailed analysis may
be needed to establish which elements of the design recipe lead to such differences in
results. Based on the analysis performed in this project, the following interpretations are
made:

* K-Joints. For many of the old platforms, K-joints have been found to govern
failure of first component and/or successive failures leading to collapse. However,
the formula used to determine the capacity of the K-joints (API RP 2A) gives a
lower bound estimate. In addition, the joint capacity has been modeled by an
elastic-plastic non-load shedding truss element. A load-shedding strut-type element
may be more appropriate for these older structures. Further structural analysis
using capacity formulations and different joint modeling procedures may lead to
different results.

s Brace Capacity. The braces in the vertical frames are modeled as struts. The
capacity of the strut is dependent on the effective length factor (K) and lateral
load on the members. In the present work, the effective length factor has been
taken as 0.65. This value of K has been used irrespective of brace type (K,
diagonal, X), size of chord members, or grouting of leg-pile annulus. Actual end-
fixity of braces may vary the effective length factor from the 0.65 condition used
in this study.
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Section 5 Conclusions and Recommendations

s Foundations. The observed behavior indicated no pile failures, whereas the
analysis indicated that pile failures may have occurred in some cases. Typical soil
properties and strength variation with depth were used for a number of platforms
analyzed for this study. Actual properties at some of the platform sites may vary.
Further analysis using different soil strengths and stiffnesses may produce results
closer to observed foundation performance.

It is recommended that further investigation of the above topics be considered as follow-on
work to this project.

5.3 CALIBRATION WORK

A factor known either as a bias, calibration or correction factor has been developed to
represent modeling uncertainties with respect to the overall safety factor (resistance divided
by loading effects) for platforms during extreme hurricane loadings.

The final posterior of the bias factor (B) had a mean value of 1.19 with an uncertainty
(measured as the COV) of 10 percent. This implies that on average, for the platforms
evaluated by this project, there is about a 19% conservatism in the assessment "recipe” used
by the project. Its application to an example platform showed the posterior probability of
failure reduces due to increased median and small COV of the bias factor. The small COV
(0.10) of the bias factor has little effect compared to the random variabilities, e.g., in the
annual H; value or in the Cp coefficient.

The favorable outcome for the bias factor, (i.e., "B">1) indicates that the current platform
checking process is conservative in the sense that more failures are predicted during storms
than will actually occur.

Applying the bias factor to a single specific structure for the purposes of "requalification,”
however, may lead to erroneous conclusions. The bias factor was averaged from a fleet of
structures that were exposed to hurricane Andrew. These structures had a variety of
potential platform failure modes with varying degrees of criticality. These included some
subjectivity in interpreting the platform safety margins at specific locations. The exposed
platforms may not be representative of any specific structure about which detailed predicted
model capacities and safety margins are available. Further studies (as recommended below)
should be able to refine the bias factors for specific platforms conditions and failure mode

types.

The direct application of the bias factor is justified in performing economic 'risk/cost/benefit
remediation studies for fleets of older platforms. The favorable bias factor will therefore
increase the average platform reliability to resist hurricanes beyond that computed by
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Section 5 Conclusions and Recommendations

conventional analysis. Any global remediation decisions may be based on the updated
reliabilities, which reflect the observed Andrew and other hurricane experiences.

The updated bias factor and the associated improved reliability estimates are potentially
applicable also to the development of the new API requalification criteria. The application
is legitimate for those cases when the criteria are explicitly based on a target risk level such
as, for example, an annual failure rate of one per thousand. When the acceptance criteria
are established by direct calibration with experience, however, the bias factor is implicitly
reflected in such experience and cannot provide any further direct adjustments.

The maximum wave height for the shallow water platforms (T21, T23, and T25) is limited
due to the wave breaking phenomenon. Recent research has indicated that the breaking
wave height for shallow and intermediate water depths may differ from the (0.78 *d) used
in this project [Tucker, 1991]. This issue may need further investigation for shallow water
platforms.

The correlation between seastates, load level, and capacities in different directions has not
been considered in this work. In further work the correlations may be considered to.
evaluate their effect on the bias factor.

Based upon the above, recommended topics for further study include:

= Develop "multiple” bias factors — for example, a bias factor for platforms governed
by brace failure and a bias factor for platforms governed by foundation failure.
This project developed a "global” bias factor irrespective of failure modes.

»  Develop and implement a process that uses a "weighting” procedure that accounts
for the performance of other Gulf of Mexico platforms during Andrew that were
not directly evaluated by the project. The intent is to increase in a simplified
manner the number of platforms used to establish the bias factor.

»  Investigate more directly component damage (braces, legs, joints, etc.) predicted
analytically versus component damage actually observed. This project focused
primarily on the platform capacity for use in calibration.

= Investigate more thoroughly the results of the nonlinear analysis and, where
necessary, re-perform some of the structural analyses used in the calibration based
on an updated recipe (i.e. different joint capacity equation).
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Section 5

Conclusions and Recommendations

Investigate platforms in different categories (i.e., configuration, water depth), which
were affected by past hurricanes, e.g., Hilda, Betsy, Camille, etc. Almost all
damaged platforms past Andrew were in shallow water depth limit (<150 ft.)
located essentially in South Timbalier and Ship Shoal blocks, and a majority of
them had K-joint capacity as a key failure mode. Prior to Andrew, platform
failures due to hurricanes were also reported in intermediate water depths up to
327 ft. Therefore, for a more representative sampling, it would be useful to
include platforms which were hit by major hurricanes in different regions of the
Gulf of Mexico with different structural characteristics, failure modes and
mechanisms. Such an attempt combined with the weighting procedure would
provide more representative multiple bias factors.
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Andrew Failure Consequences Database
Individual Case Report

Platform Name . South Timbalier 177 - Platform B Aux

Operator Name : Chevron
Damage Summary : Severely Damaged, to be Removed

Platform Information

Platform Type :

Water Depth (ft) . 140
Number of Piles : 8
Number of Wells

Installation Date 1 1965
Design Criteria : Unknown

Deck Elevation

Andrew Conditions

Hindcast Hs : 11 Meters
Distance from eye : 6 Miles
Comments

e Platform similar to ST177 B and ST151 K

+ Marine growth popped away

« Cracking in x bracing at waterline, South side (Row 1)

o Joint failures at K bracing

« Platform shakes when waves pass by

« Movement of hatches indicating waves were large

« Severe damage--too expensive to repair

« Platform similar to ST177 B and ST 151 K used in calibration

Table A-1 Qualitative Case Study - 1




[

Andrew Failure Consequences Database

Platform Name
Operator Name
Damage Summary
Platform Information

Platform Type
Water Depth (ft)
Number of Piles
Number of Wells
Installation Date
Design Criteria
Deck Elevation

Andrew Conditions
Hindcast Hs
Distance from eye

Comments

Individual Case Report

: Mississippi Canyon 311 - Platform A (Bourbon)
: Shell

: Survived

: 425

: 1978
: Unknown
: Lower deck elev. +51-0" T.Q.S.

: 11 Meters
1 32 Miles

¢ 81to 10 sheets of grating torn up on lower deck around conductors (elev +51'-0™)
* 90% of PVC drain piping suspended from lower deck gone (elev. +47-0™)
» Cage around ladder from +51" down to oil and water sump flattened right below lower

deck at elevation +47'

 Sump landing grating missing and steel pipe knocked at bottom of oil and water sump

severed

» Grating missing at +12' elevation
» Damage to underdeck piping indicates very large waves

Table A-2  Qualitative Case Study - 2




Andrew Failure Consequences Database

Platform Name
Operator Name
Damage Summary
Platform Information
Platform Type
Water Depth (ft)
Number of Piles
Number of Wells
Installation Date
Design Criteria
Deck Elevation

Andrew Conditions

Hindcast Hs
Distance from Eye

Comments

Individual Case Report

: Ewing Bank 826, Platform A
: British Petroleurn Exploration

: Survived

: Self-Contained

: 488

: 8 Legs with 12 Skirt Piles (8 exterior, 4 interior)
: 31 of 48 conductors installed

: 1988

: API RP 2A - 18 ed.

: +68'-0" (Production)

: 12 Meters
: 11 Miles

« One of the deepest water platforms exposed to large waves and winds during Andrew
« Platform design based upon newer API recommendations

Table A-3 Qualitative Case Study - 3




Andrew Failure Consequences Database
Individual Case Report

Platform Name ¢ South Timbalier 188 - Platform CA
Operator Name : Chevron
Damage Summary : Deck torn off

Platform Information

Platform Type :

Water Depth (ft) : 143

Number of Piles :

Number of Wells

Installation Date : 1981

Design Criteria : Unknown

Deck Elevation : Lower deck is 62 feet from bottom of steel to waterline

Andrew Conditions

Hindcast Hs : 11 Meters
Distance fromEye  : 5 Miles
Comments

* Deck Tom off by wind and found 200 feet away

* Appears that there was a tensile failure on Ii ghtly loaded side and bending failure on
cantelever side

» Nodamage 10 jacket

» Deck was cantelever type

Table A-4 Qualitative Case Study - 4



Andrew Failure Consequences Database

Individual Case Report

Platform Name . South Timbalier 152 - Platform E
Operator Name : Chevron
Damage Summary : Collapsed
Platform Information

Platform Type :

Water Depth (ft) 1 137

Number of Piles : 8

Number of Wells :

Installation Date 1 1960

Design Criteria : Unknown

Deck Elevation 1 +49'-0"
Andrew Conditions

Hindcast Hs : 11 Meters

Distance from Eye  : 14 Miles
Comments

« Platform lying in bottom

» Appears as though platform destructed in place--deck in upright position on top of

debris

« Platform had previously been strengthened with tripod'rcinforcements

Table A-§ Qualitative Case Study - 5



Andrew Failure Consequences Database
Individual Case Report

Platform Name : Ship Shoal 72 - Platform A
Operator Name : Mobil
Damage Summary : Collapsed

Platform Information

Platform Type : Self-Contained gas gathering facility
Water Depth (ft) : 29

Number of Piles :

Number of Wells :

Installation Date 1 1948

Design Criteria :

Deck Elevation

Andrew Conditions

Hindcast Hs : 6 Meters
Distance from Eye  : § Miles

Comments

» Platform collapsed, pipeline fire

» All wells P&A five years ago

» Estimated wave height at least 8 feet above deck
s  Deck broke off

» Jacket broke off 2 feet above mudline

* One of oldest platforms in Gulf of Mexico
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Platform Name : South Timbalier 172 - Platform A

Operator Name . Samedan
Damage Summary : Damaged - to be salvaged

Platform Information , a

Platform Type :

Water Depth (ft) : 107

Number of Piles 16

Number of Wells :

Installation Date : 1964

Design Criteria :

Deck Elevation : Sub-cellar @ 29°-0", Cellar @ 36'-6"

Andrew Conditions

Hindcast Hs : 10 Meters
Distance fromEye  : 1 Mile
Comments -

Structure leaning 20 degrees

South East pile puled out 15 feet

Adjacent east pile pulled out 5 feet

North East and adjacent e